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ABSTRACT 
THE EFFECTS OF HISTORIC EARTHEN BARRIERS ON NORTHERN NEW 
ENGLAND TIDAL MARSHES 
by 
Jordan W. Mora 
University of New Hampshire, May, 2011 
Advisor: David M. Burdick 
Berms, defined as historic earthen barriers, represent one type of hydrological 
modification introduced by humans in the tidal marshes of northern New England. Three 
different research approaches were applied to study the impact of berms on various tidal 
marsh dynamics. The descriptive study shows that restricted flooding from berm 
interference can result in significantly altered physical gradients in addition to landward 
subsidence and pool development. The results from the transplant experiment indicate 
that the altered landward structure affects the relative importance of biological 
interactions, namely herbivory, in controlling plant species distribution. The predictive 
GIS analyses illustrate the location of 34 berm sites within the Great Bay Estuary and 
highlight the bermed marshes most at risk of invasion by the non-native variety of 
Phragmites australis and submergence during sea level rise. Based on the combined 




BERMS IN NEW ENGLAND TIDAL MARSHES: AN 
ECOLOGICAL AND CULTURAL HISTORY 
The significance of salt marshes 
Salt marshes form along coastlines where the accumulation of upland and marine 
sediments are protected from waves and high winds. Because salt marshes are located at 
a critical interface between terrestrial and marine habitats, they are responsible for the 
exchange of energy and materials across various ecosystems. The incoming tide supplies 
inorganic sediments and nutrients while the ebb tide exports organic matter to the marine 
environment (Mitsch and Gosselink 2000). The "energy subsidy" of the tidal regime 
drives the transfer of energy and nutrients across numerous trophic levels (Odum et al. 
1979, Neckles et al. 2002). As a result, salt marshes represent one of the most productive 
ecosystems in the world, maintaining high rates of net primary productivity and trophic 
support (Mitsch and Gosselink 2000). 
Salt marsh processes which directly or indirectly benefit humans are considered 
ecosystem services (Costanza et al. 1997). Salt marshes provide protection for 
infrastructure (e.g., during storm events), economic stimulus (e.g., commercial fishing 
and recreation), and aesthetic value (Costanza et al. 1997, Brander et al. 2006, Granek et 
al. 2010). In addition, salt marsh services, such as carbon sequestration, regulation of 
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nutrients, and toxin removal, help maintain the function and integrity of the overall 
estuarine system (Traut 2005, Santin et al. 2008, Gedan et al. 2009b). 
Although the environmental and economic advantages associated with healthy 
salt marsh ecosystems are great, salt marshes continue to be degraded in the United 
States. Bromberg and Bertness (2005) estimate that approximately 37% of the original 
salt marsh area in New England has been lost. Any changes to the hydrological or 
physical structure of a salt marsh can result in significant decreases in biodiversity and 
overall function (Roman et al. 1984, Anisfeld and Benoit 1997, Burdick et al. 1997, 
Adamowicz and Roman 2005, Ritter et al. 2008). Because the natural flooding regime is 
fundamental to effective ecosystem function, hydrological modifications caused by 
humans can drastically reduce the overall resilience of the marsh (Roman et al. 1984, 
Boumans et al. 2002, Buchsbaum et al. 2006). 
Human-induced changes to tidal marsh hvdrogeomorphologv 
Human alterations to salt marsh hydrology can lead to changes in biogeochemical 
gradients and subsequent changes in plant community assemblages (Portnoy 1999, 
Konisky and Burdick 2004, Byrd and Kelly 2006). The composite of inorganic and 
organic material imported with the tide significantly impacts the soil conditions of the 
marsh (Luther 1986; Portnoy 1999) as well as the growth and diversity of the plant 
community (Bertness and Ellison 1987, Byrd and Kelly 2006). By disrupting the natural 
tidal regime, tidal restrictions, which exist in the form of undersized culverts beneath 
roads and railways, flap-gates, dikes, and other impoundments, have greatly deteriorated 
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the structure and function of tidal marshes in New England (Roman et al. 1995, Portnoy 
1999). 
Portnoy (1999) determined that under normal saline, waterlogged, and anaerobic 
conditions, decomposition is slow and organic carbon, nitrogen, and phosphorus are 
stored belowground as peat. Due to the anaerobic state, sulfate reduction is an important 
form of respiration and results in high sulfide concentrations in the soil (Portnoy 1999). 
However, in diked conditions, where the soils are better drained, the increased aeration 
leads to increased decomposition rates and, as sulfide is oxidized, increased soil 
acidification (Anisfeld and Benoit 1997, Portnoy 1999). The organic content decreases as 
a result of accelerated decomposition (Roman et al. 1995). As organic matter is reduced, 
bulk density and soil compaction increase leading to subsidence of the marsh surface 
elevation (Anisfeld et al. 1999, Turner 2004). If the subsided area is flooded, pools of 
standing water can develop (Anisfeld et al. 1999, Johnston et al. 2003). 
Changes in the soil biogeochemistry can have significant impacts on the plant 
community (Konisky and Burdick 2004). A change in nutrient availability can modify the 
growth and production of the salt marsh (Sundareshwar et al. 2003). In a study by Roman 
and colleagues (1995), a dike in Wellfleet, Massachusetts significantly altered the 
physical parameters in the tidal-restricted portion of the marsh changing the plant 
community from dominantly salt marsh species to brackish and upland species. 
Furthermore, human-induced modifications to the hydrologic regime through tidal 
restrictions have promoted the expansion of the aggressive, non-native variety of 
Phragmites australis, or common reed (Roman et al. 1984, Bart and Hartman 2000, 
Burdick and Konisky 2003). The results from Bart and colleagues (2006) suggest that 
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Phragmites australis has physiological advantages, including clonal reproduction, which 
enable it to colonize and expand within a wide range of physical conditions. Once 
established in less stressful zones of a salt marsh, Phragmites australis (hereafter referred 
to as Phragmites) can expand into more physiological stressful areas using clonal 
connections (Amsberry et al. 2000, Burdick et al. 2001, Bart and Hartman 2003). 
Tidal restrictions also have the potential to reduce the resilience of the salt marsh 
responding to sea level rise. Under normal circumstances, surface elevation adjustment 
processes enable salt marshes to maintain equilibrium with rising sea levels. As sea level 
rises, the flooding frequency and duration of the tide increases, resulting in accelerated 
rates of sediment deposition (Nuttle et al. 1997). Models show that where sediment 
supplies are restricted by dikes or other barriers, the surface elevation does not increase 
with rising sea levels as effectively (Muto and Steel 1997, Fagherazzi et al. 2006). 
Additionally, the rate of primary productivity is correlated to the input of nutrients from 
the tide; as sea levels rise, more organic matter accumulates in the soil in the form of 
plant material (Morris et al. 2002). The accumulation of inorganic sediments and plant 
material builds the elevation of the peat over time. 
The marsh will also expand landward as the mean water level increases, but this 
process is dependent on the hypsometric gradient, or slope, of the surrounding terrestrial 
land (Redfield 1965, Moorhead and Brinson 1995). Where the slope is gradual, the marsh 
vegetation will slowly migrate inland with accumulating sediments, increasing or 
maintaining the original marsh area (Brinson et al. 1995). However, steep upland slopes 
will inhibit landward migration of the marsh surface; where landward expansion is 
limited, the increased submergence of the seaward edge (from sea level rise) may result 
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in reduced marsh area, a process referred to as coastal squeeze (Wolters et al. 2005). 
Since steep man-made features, such as rip rap walls and roads, are prevalent along the 
New England coast, the coastal squeeze effect may result in massive and widespread 
declines in tidal marsh area (Titus et al. 1991, Bozek and Burdick 2005). 
Historic earthen barriers, hereafter referred to as berms, represent one type of 
hydrogeomorphic alteration present in New England marshes. Berms are characterized as 
linear formations composed of soil (i.e., stone walls are not included) located in the 
interior of tidal marshes. Photographs below provide examples of the extent and shape of 
typical berm sites (Figure 1). 
Figure 1: Photographs of berms located in northern New England tidal 
marshes: A) Winnicut River in Greenland, NH; B) Drakes Island Marsh in 
Wells, ME; C) Bellamy River in Dover, NH; D) Crommet Creek in Durham, 
NH. 
Unfortunately, the effects of parallel-oriented berms on tidal marsh flooding and 
drainage remain largely unstudied. Previous ecological research on tidal restrictions have 
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focused primarily on the impacts of perpendicular-oriented, large-scale dikes which limit 
upstream tidal flooding due to undersized culverts or flap gates (Roman et al. 1984, 
Anisfeld and Benoit 1997, Portnoy and Giblin 1997). Berms may have similar effects on 
marsh structure and function as dikes, such as restricting the tidal flow, reducing salinity, 
causing subsidence, facilitating the spread of invasive plants, such as Phragmites, and 
limiting sea level adjustment mechanisms (Mitchell 1981, Roman et al. 1995, Portnoy 
1999, Boumans et al. 2002). However, due to the difference in orientation and smaller 
scale, understanding the impact of berms in comparison to dikes could advance current 
knowledge regarding the sensitivity of tidal marsh systems to human-induced 
hydrogeomorphic modifications. The study of berms may provide further insight 
concerning: 1) how physical barriers change flooding frequency and duration within the 
local marsh area; 2) how modified flooding regimes affect physical gradients (e.g., 
elevation, salinity, sulfide concentration, etc.); and 3) the relative importance of flooding, 
physical gradients, and biological interactions in controlling plant and animal community 
structure within tidal marshes. 
History of salt marsh berm development in New England 
Although the ecological impacts from berms are largely unknown, the historical 
perspective regarding berm development in New England is more extensive. Berms 
represent remnants of New England's cultural history; over the centuries, berm 
construction resulted from various agricultural, industrial, and recreational practices. 
There are seven different known historical activities which could have produced berms in 
tidal marshes: 1) tidal exclusions for agricultural purposes; 2) spoils from river dredging; 
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3) spoils from marsh ditching; 4) brickmaking; 5) saltworks; 6) waterfowl 
impoundments; and 7) railroad construction. 
The tradition of building agricultural berms to convert marsh area into pasture or 
cropland developed during eleventh century in the Netherlands and France (Gedan et al. 
2009b). In the early 1600s, European colonists brought this reclamation practice to North 
America (Gedan et al. 2009b). However, creating berms in salt marshes to increase the 
production of salt hay for livestock fodder did not fully develop in New England until the 
19th century (Sebold 1998). By building berms (i.e., dikes or levees) around the perimeter 
of the marsh at the tidal front, the tidal regime was restricted and the marsh area could be 
transformed into highly productive agricultural land protected from saltwater flooding 
(Knottnerus 2005, Reise 2005). Most berms were created by cutting sod bricks out of the 
marsh surface and piling them together to form a barrier against the tide (Sebold 1998; 
Figure 2). Sometimes the berm was supported with a crib, a wooden lining inserted in the 
marsh at the base of the berm, to prevent subsidence and erosion (Hebert 1997-99). 
Figure 2: Premiere Terres Acadiennes by Azor Vienneau, artistic 
interpretation of an Acadian community constructing an agricultural berm. 
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In addition to diking areas to facilitate crop production and harvest, diking also 
provided grazing pastures for livestock (Sebold 1998, Gedan et al. 2009b). For example, 
the berm located along Drakes Island Road in Wells, Maine was originally constructed in 
1847 for cow pastures (Belknap et al. 1997). Also, herding sheep became a popular 
endeavor during the Civil War era. At this time textile mills, such as Sawyer Mills in 
Dover, New Hampshire, converted from flannel production to woolen manufacturing to 
help provide uniforms for the Union Army (Anonymous 1988). Consequently, some of 
the berms located within the salt marshes in the Great Bay Estuary may have resulted 
from the increased demand for sheep wool. 
River dredging sometimes generated berms because workers would deposit the 
spoils in tidal marshes. Rivers and harbors were often dredged to accommodate boat 
access by removing accumulated sediments (Weis and Butler 2009). For example, in 
Dover, New Hampshire the earliest known dredging of the Cocheco River occurred in 
1871. It took roughly a decade to dredge the river, widen the Narrows, and deepen the 
river by 10-14 ft (Whitehouse and Beaudoin 1988). Dredging increased the number and 
size of the ships accessing the Dover marina and was repeated regularly over the next 
century. The spoils from dredging activities were often deposited in the adjacent marsh 
either to act as fill or because the marsh provided an easy dumping ground (Weis and 
Butler 2009). The berm located on the Cocheco River, near the merge with Fresh Creek, 
may have been a result of these activities. 
Marsh ditching also resulted in the creation of berms along tidal marshes from 
deposited spoils. During colonial times, ditching was pursued to increase drainage to 
enhance salt hay production (Sebold 1998, Weis and Butler 2009). However, ditching 
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marshes to remove pools of water where mosquito larvae grow and develop became a 
common practice in the early 1900s (Weis and Butler 2009). In the 1930s, as part of 
Roosevelt's New Deal legislation, the Civilian Conservation Corps was charged with 
ditching coastal marshes to reduce mosquito populations (Weis and Butler 2009). The 
"spoil piles," or berms composed of excavated material, significantly altered the surface 
flow of the tide and subsequently impacted the plant diversity of the high marsh and 
upland edge (Weis and Butler 2009). However, draining the marsh through the removal 
of pools resulted in decreased fish predation which improved mosquito survival, and by 
the 1960s-70s, this technique was largely abandoned (Weis and Butler 2009). 
Brickmaking was a prosperous industry in New England during the 1800s, and 
was especially prominent in the Great Bay Estuary. The brickyards associated with 
brickmaking were scattered along the tidal rivers throughout what is now Durham, 
Dover, and Stratham, New Hampshire (Figure 3). In particular, Dover, New Hampshire 
was recognized an area of "extensive deposits" in an issue of the monthly magazine, 
Brick (Anonymous 1900). Before mechanized machinery, there were two main strategies 
to brickmaking. One method entailed extracting the clay in early spring, and over the 
course of the summer, sections of the pile were removed and spread across a clay drying 
bed (Scales 1923). In the second method, the clay was extracted in the fall and left over 
the winter in a "loose heap" (Anonymous 1813). "The clay [was] found beneath the salt 
marshes and [was] covered with decomposed vegetation" (Anonymous 1900). Hence, 
early brickmaking practices may have led to the neglected spoil piles found in the Great 
Bay Estuary, especially along the Oyster, Bellamy, and Salmon Falls Rivers. 
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Figure 3: Brickyard of Elbridge Gage located on the Bellamy River, Dover, New 
Hampshire (Whitehouse and Beaudoin 1988). Photograph courtesy of the Old 
Berwick Historical Society. 
The Fiske System industrialized brickmaking on the Great Bay by incorporating 
heavy machinery (a mill, automatic reels, horizontal off-heaving belts, kilns, lifts, etc.), 
which made the brickmaking process much more efficient (Scales 1923). The Fiske 
Brickmaking System was established in 1902 at Sandy Point in Stratham, New 
Hampshire. Clay that was extracted from the Cocheco and Bellamy Rivers was 
transported by box cars to Sandy Point (Scales 1923). The numerous berms seen in the 
tidal marshes near Sandy Point and along the nearby Squamscott River may be remnants 
of the Fiske Brickmaking operations. 
The saltworks industry offers another possible reason for berms in New England 
tidal marshes. At first, harvesting salt involved driving stakes into tidal ponds in the salt 
marsh - water would evaporate from the stake leaving salt deposits behind (Quinn 1993). 
In 1624, pans were dug out of the salt marsh and lined with clay to promote evaporation 
of large quantities of saltwater (Quinn 1993). During the Revolutionary War, the salt 
trade with England was terminated (Quinn 1993). Since salt was necessary for preserving 
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fish and meat, the development of saltworks became a critical endeavor in New England 
(Quinn 1993). Windmills were designed to pump tidal water into evaporating vats (i.e., 
large wooden structures), which supplied greater quantities of salt in less time (Quinn 
1993). Saltworks of this scale were especially common along the shores of Cape Cod. 
While the evaporation vats built on marshes undoubtedly had detrimental effects on salt 
marsh function, the salt pans utilized in the mid-1600s was the process which most likely 
left behind large, berm-like structures. 
Waterfowl impoundments also resulted in berm construction in New England 
tidal marshes. These impoundments promoted the growth of emergent plants favored by 
various waterfowl species and were used to support duck populations for hunting in the 
early 1900s (Weis and Butler 2009). The impoundment at Herods Cove within Great Bay 
in New Hampshire is an example of a barrier constructed for recreational fishing and 
hunting purposes. Later in the 20 century, wildlife managers advocated the use of 
impoundments to rescue declining populations of waterfowl. Impoundments were built to 
provide protected foraging area for migrating waterfowl (e.g., Plum Island in 
Massachusetts). However, because impoundments had a detrimental effect on several 
avian species, such as the clapper rail and salt marsh sparrows, as well as fish 
populations, the method was discontinued (Weis and Butler 2009). 
Lastly, the construction of the railroad system had a significant impact on New 
England tidal marshes. The rise of the industrial revolution required the rapid transport of 
goods and materials in addition to increased business travel. The primary means of 
passenger transportation for New England between 1850 and 1950 was provided by the 
Boston & Maine Railroad (B&M R.R.). The Kennebunkport branch (4.5 miles) was 
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originally constructed for local interests in Kennebunk in 1882 and was later merged with 
the B&M R.R. in 1919. The train engine, B&M R.R. No.73, was aptly nick-named the 
"Mousam" as it transported passengers the length of the Mousam River while it was in 
service between 1866 and 1902 (Figure 4). However, the Kennebunkport branch was 
abandoned on September 8, 1926 (Ramsdell 2010), and now remnants of the railroad 
causeway remain in the salt marsh along the Mousam River. The berm has been 
transformed into a walking path and is currently used by local residents and visiting 
tourists. 
Figure 4: Portland, Saco & Portsmouth Railroad No. 13, 
"Mousam." Photograph courtesy of Ramsdell (2010). 
In summary, the berms located on tidal marshes throughout the estuaries of 
northern New England were created for a wide variety of reasons. Studying these barriers 
can provide insight into how marsh hydrology and soils change or adapt to human 
modifications to geomorphology over 100-300 years. Understanding their effects on the 
tidal regime, edaphic conditions, and plant community may help managers plan for future 
stresses and disturbances. 
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CHAPTER 2 
INTRODUCTION TO THE SCIENTIFIC STUDY OF 
BERMS IN TIDAL MARSHES 
Research Significance 
The Great Bay Estuary in New Hampshire presents an example of how past 
agricultural, industrial and environmental management activities practiced over the last 
three centuries have impacted the tidal marshes of New England's estuaries. In the Great 
Bay Estuary 34 berms have been identified, and each berm likely resulted from one of the 
historical activities described in Chapter 1. Of those 34 berm sites, 21 berms are oriented 
parallel to the creek edge, and therefore, restrict the incoming tide. By interfering with 
the natural flooding regime, parallel-oriented berms have the potential to disrupt physical 
gradients and alter plant community dynamics. The landward marsh area, which likely 
receives reduced flooding resulting in modified marsh habitat, averages approximately 
0.30 hectares (0.74 acres). This area represents roughly 23% of the size of an average 
tidal marsh in the Great Bay Estuary. The number and extent of berms identified in the 
Great Bay Estuary provides an example of berm prevalence in the tidal marshes of 
northern New England. 
Understanding the physical and biological interactions of bermed tidal systems is 
critical, especially in regard to the present challenges of invasive plant species and sea 
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level rise threatening New England salt marshes. If tidal marsh processes are impaired 
due to the presence of berms, the system may have reduced resilience against invasion by 
the non-native variety Phragmites australis and a greater chance of submergence during 
sea level rise. Diminished tidal marsh function in the face of these disturbances could 
impair the function of the larger estuarine ecosystem. Thus, landscape-scale 
environmental management should consider the ecological repercussions of berms in 
evaluations of estuarine health. Proper management may require the removal of the berm 
to restore natural marsh processes. 
By applying three different research approaches, the effect of berms on the tidal 
marshes in northern New England can be better understood. Descriptive and experimental 
studies will provide field data regarding the changes in physical properties and biological 
interactions caused by the berm. Furthermore, the vulnerability of tidal marshes and the 
potential for landscape-scale impacts can be measured and assessed through the use of 
GIS-based predictive models (e.g., the establishment and spread of Phragmites australis 
and the marsh area most at risk during sea level rise). The combined methods will help 
determine whether bermed marshes are more at risk from anthropogenic disturbances 
than non-bermed marshes, and if so, whether restoration of the bermed systems would 
improve the overall integrity of the estuary. 
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Goals and Objectives 
The primary goal of this research project was to study the effect of berms on the 
physical structure and biological interactions of the marsh in an effort to determine 
whether these barriers threaten the integrity of the system on local and landscape-scales. 
Three studies were conducted to better understand the effects of berms on salt marsh 
dynamics. The first study, a descriptive study, was conducted in 2009 to explore 
structural impacts (i.e., changes in hydrology, elevation, edaphic features, and 
vegetation). In 2010, an experiment was performed to examine the effect of a berm on 
plant competition interactions. Thirdly, a GIS-based approach was implemented to 
consider the landscape-scale implications of berm formations. 
Descriptive Study: 
The guiding research questions associated with the 2009 descriptive study were: 
Do berms restrict tidal flooding or impede drainage? What is the impact of the berm on 
the edaphic characteristics and plant community? In order to address the research 
questions, the study sites were selected based on specific criteria. The berm parameters 
included: 1) parallel orientation to the major creek; 2) minimal erosion or breaks in the 
structure. In addition, the berm needed to be in close proximity to a suitable reference 
area. Four study sites were chosen; two of the sites were located in the Great Bay Estuary 
and two were backbarrier sites in southern Maine. 
After the sites were selected, the research questions were addressed by studying 
the hydrology, elevation, salinity levels, sulfide concentration and soil texture 
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characteristics of the bermed tidal marshes. Also, the plant diversity and composition on 
and surrounding the berm was examined through field surveys. The berm conditions were 
compared to those of the respective reference areas. 
Competition Experiment: 
A reciprocal transplant experiment was conducted in 2010 within one of the berm 
sites from the 2009 descriptive study. The selected site showed contrasting physical 
conditions and plant composition between the landward and seaward zones surrounding 
the berm. In order to discern whether the relative importance of edaphic conditions and 
interspecific competition factors differed in determining plant community structure 
between the two zones, the experiment involved three different treatments: species (two 
different graminoid plant species); zone (seaward vs. landward); and competition (with 
vs. without neighbors). 
The reciprocal transplant design involved the removal and replacement of 32 
marsh sods (20 x 20 x 15 cm depth). Plant response variables included stem height, 
percent cover, and aboveground biomass. In addition, pore water samples were 
periodically collected and processed to compare stress levels in the landward versus 
seaward marsh areas. Lastly, water level and salinity loggers were installed to 
automatically collect data over a complete lunar cycle (both neap and spring tides). Water 
level and surface water salinity data were used to obtain a more comprehensive 
understanding of the hydrology of the site. 
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Predictive GIS Analyses: 
There are two primary landscape-scale implications associated with berms in tidal 
marshes. First, due to the drained, elevated soils, berms provide favorable conditions for 
the colonization of invasive species, particularly the non-native variety of Phragmites 
australis (hereafter referred to as Phragmites). Furthermore, Phragmites has the potential 
to spread and reduce the overall integrity of the marsh because the berms are located in 
the interior of the marsh. Thus, the first GIS-based analysis focused on bermed marshes 
which were more vulnerable to Phragmites invasion. Second, as a result of the steep 
elevation gradient, berms oriented parallel to the major creek edge have the potential to 
impede landward migration during sea level rise. Berms may also restrict the tide from 
regularly flooding the landward marsh area, which could limit landward sedimentation, 
or the deposition of sediments imported with the tide. Landward migration and 
sedimentation are examples of elevation adjustment mechanisms necessary for marshes 
to accommodate changes in the mean sea level. By constructing a GIS-model which 
highlighted berms oriented parallel to the creek and upland edge, high-risk systems could 
be identified. 
Given the impending management issues related to bermed marshes, the two 
predictive GIS-based analyses focused on: 1) generating a landscape-scale model 
comprised of digitized berm locations and the spatial distribution of the non-native 
variety of Phragmites; 2) discovering where berms would interfere with elevation 
adjustment mechanisms during sea level rise. The geographic boundaries of these two 
models were limited to the Great Bay Estuary in New Hampshire. 
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CHAPTER 3 
THE IMPACT OF BERMS ON THE PHYSICAL AND 
BIOLOGICAL STRUCTURE OF NEW ENGLAND TIDAL 
MARSHES: A DESCRIPTIVE STUDY 
Introduction 
Salt Marshes as Hydrodynamic Systems: 
The tidal regime provides a critical function in the maintenance and productivity 
of all tidal marshes. Pulsed systems such as these rely on the regular perturbation of 
fluctuating water levels or fire to suspend successional development and retain the high 
productivity associated with energy subsidies (Odum 1969, Odum et al. 1979). 
Productivity is applied hereafter as "the rate at which energy flows through an 
ecosystem" (Rosenzweig and Abramsky 1993). In the unique case of the tidal marshes, at 
least a portion of the marsh is flooded twice a day supplying nutrients, salts, and 
sediments while relieving the marsh of metabolic poisons (Howes et al. 1986). The 
nutrients and other minerals carried by the tide contribute not only to the survival of plant 
and animal communities of the marsh (Steever et al. 1976, Roman et al. 1995, Warren et 
al. 2002, Darby and Turner 2008), but also to the overall productivity of the coastal 
landscape (Redfield 1972, Kastler and Wiberg 1996, Portnoy 1999). 
Coastal marshes are dynamic and complex systems which participate in the 
cycling of several key nutrients. Nitrogen and phosphorus are two of the essential 
nutrients imported with the tide which dictate the productivity of the salt marsh 
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community. Plant productivity is limited by nitrogen availability while phosphorus is 
important in microbial energy transformations (Sundareshwar et al. 2003). Nitrogen, 
phosphorus, and carbon are primarily stored belowground as plant matter. The build-up 
of plant matter and sediments forms peat, which accumulates in the soil due to the very 
slow decomposition rate characteristic of regularly inundated marshes (Portnoy 1999). 
The anaerobic condition of the soils governs the predominate type of respiration 
employed by the bacteria in the marsh. When other forms of electron acceptors (e.g., 
oxygen) are not available, anaerobes called sulfate reducing bacteria use sulfate to 
convert organic compounds into energy. As a result, hydrogen sulfide, iron sulfide, and 
pyrite, which are forms of inorganic sulfur generated by the sulfate reducing bacteria, 
accumulate in the marsh soils (Howarth and Teal 1979, Portnoy 1999). Hydrogen sulfide 
is toxic to root metabolism, and, therefore, creates a stressful environment for salt marsh 
plants (Mendelssohn et al. 1981, Howes et al. 1986). The rate at which sulfate 
accumulates depends on a host of variables (e.g., temperature, flooding, precipitation, soil 
depth, and oxidation levels; Luther et al. 1986). The incoming tide replenishes the sulfate 
needed for anaerobic respiration (Portnoy 1999). Without the continual influx of sulfate, 
the metabolic rate of the marsh would be greatly diminished (Howarth and Teal 1979). 
In addition to nutrient delivery, the natural hydrology of the tide plays a role in 
the vertical accretion of the marsh surface, such that the gradient of the marsh platform is 
controlled by flooding frequency and duration (Morris 2006). There are four primary 
factors that determine the advance or retreat of the marsh surface relative to the shoreline: 
hydroperiod (flooding frequency and duration), sediment supply from the incoming tide, 
primary productivity, and the upland slope (Redfield 1965, Moorhead and Brinson 1995, 
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Morris et al. 2002). The combination of these four factors results in a natural process 
which allows the marsh to maintain equilibrium with mean sea level (Morris et al. 2002). 
Increased sea level results in the marsh becoming submerged for longer periods of 
the day (Redfield 1965). The increased flooding accelerates the rate of sedimentation, or 
the deposition of minerals on the marsh surface (Mudd et al. 2009), which contributes to 
the vertical accretion of the marsh surface elevation. Accretion is also linked to the 
accumulation of organic matter in the soil. Based on a study of accretion.rates from 31 
sites in Louisiana, marsh elevation can depend more on the build-up of plant matter than 
mineral sedimentation (Nyman et al. 2006). Similarly, data from research conducted in 
tidally restricted systems indicate that, where inorganic sediment supply has been reduced 
as a result of diminished tidal range, the marsh elevation is maintained through increased 
accumulation of organic matter (Thorn 1992, Portnoy 1999). 
Where sediments and plants are protected from wave activity and the combined 
rate of sedimentation and organic matter accumulation is greater than the rate of sea level 
rise, the marsh will advance seaward (Redfield 1965, Muto and Steel 1997, Bryant and 
Chabreck 1998). However, if the accumulation of peat and sediments does not match the 
rate of sea level rise, the marsh will become more exposed and vulnerable to erosion 
resulting in landward retreat (Muto and Steel 1997). Additionally, subsidence, or the net 
loss of marsh surface elevation, occurs when the sediment supply is reduced, 
decomposition increases, and/or when the accumulation of organic matter is inhibited 
(Portnoy 1999, Turner 2004, Nyman et al. 2006). If tidal flooding has been restricted, 
oxidation of the soil can result in rapid aerobic decomposition and subsidence. Where 
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subsidence has occurred due to tidal restrictions, an increase in the rate of sea level rise 
could lead to the loss of wetland area (Baumann et al. 1984). 
Lastly, the gradient of the surrounding upland slope also impacts the transgression 
rate of the salt marsh. Where the elevation gradient of the surrounding upland is gradual, 
sea levels rise supports the landward shift of flood tolerant plants and peat accumulation 
(Redfield 1965, Moorhead and Brinson 1995). However, when the bordering slope is too 
steep, the rate of change in submergence happens too rapidly for the marsh vegetation to 
migrate landward. At the lower limit of the marsh, increased inundation causes increased 
physiological stress decreasing plant performance (Mendelssohn et al. 1981). Plant 
mortality eventually leads to peat collapse and, inevitably, the marsh transforms to tidal 
flat or open water (Nyman et al. 1993, Delaune et al. 1994, Callaway et al. 2007). 
Plant Diversity and Structure: 
The cumulative effect of the hydroperiod on nutrient availability, sediment 
supply, and topography results in edaphic gradients that govern the conspicuous zonation 
of the tidal marsh plant community. The low marsh zone is flooded daily and is 
dominated by Spartina alterniflora (smooth cordgrass) while the high marsh is flooded 
less frequently and is composed mainly of Spartina patens (salt hay) and Juncus gerardii 
(black grass; Bertness and Ellison 1987). Pannes are waterlogged areas of the marsh 
where persistent flooding leads to high sulfide levels (Ewanchuk and Bertness 2004a) and 
commonly have higher species diversity, consisting of Triglochin maritima (seaside 
arrowgrass), Plantago maritima (seaside plantain), Glaux maritima (sea milkwort), and 
short-form S. alterniflora (Ewanchuk and Bertness 2004b). 
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In addition to physical stresses, biotic interactions help produce the distinct 
transitions between zones (Bertness 1991a, Emery et al. 2001). Many studies have 
examined the role of interspecific interactions (i.e., competition and facilitation) in 
determining plant community dynamics along stress gradients in tidal marshes (Bertness 
and Ellison 1987, Bertness and Shumway 1993, Hacker and Bertness 1999, La Peyre et 
al. 2001, Crain et al. 2004). The findings suggest that competition factors are stronger 
determinants of plant species distribution in benign physical environments whereas 
physiological adaptations are the primary mechanism controlling plant community 
composition in high stress environments (Bertness and Ellison 1987; Crain et al. 2004; 
Ewanchuk and Bertness 2004b). In other words, plants with superior stress tolerance, 
such as S. alterniflora, dominate areas with regular flooding and high salinity but are 
outcompeted by other species in less stressful zones. The same set of interactions is seen 
in the high marsh, but competition becomes increasingly more important as physical 
stressors diminish. 
The structure of the plant community also depends on the presence of salt marsh 
pools, defined as depressed areas of the marsh which contain water throughout an entire 
tidal cycle (Adamowicz and Roman 2005). Pools have vertical walls, sometimes 
undercut, leading to soft, unvegetated bottoms that are generally deeper than the 
thickness of the living root zone (Redfield 1972). There are several likely developmental 
paths associated with pool formation. Researchers distinguish between primary pool 
features, those that originate during the first stages of salt marsh genesis, and secondary 
features, which develop as a result of disturbance to salt marsh vegetation (Wilson et al. 
2009). In New England, secondary pools appear due to various factors affecting the salt 
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marsh surface, such as: increased inundation coupled with poor drainage (Redfield 1972, 
Wilson et al. 2009), blocked drainage from the erosion and collapse of creek channel 
walls (Miller and Egler 1950), peat compaction from wrack, snow patches, or ice scour 
(Ranwell 1964, Argow and FitzGerald 2006), or marsh subsidence due to inadequate 
sediment supply (Redfield 1972). 
Pools are highly dynamic salt marsh features, regularly undergoing morphological 
changes (e.g., emerging, disappearing, expanding, or contracting) over time (Wilson et al. 
2010, Redfield 1972). Relative pool depth can increase if the surrounding turf accretes in 
elevation and/or the underlying peat decomposes (Johnston et al. 2003). Conversely, the 
addition of inorganic sediments can realign the pool elevation with the neighboring marsh 
elevation decreasing the depth and circumference of the pool (Erwin et al. 2006). 
However, human impacts, including road construction and ditching, have caused 
significant changes to pool morphology in New England salt marshes (Adamowicz and 
Roman 2005, Wilson et al. 2009). Pool expansion can occur where roadway construction 
has modified the hydrology and reduced sedimentation (Wilson et al. 2010). In addition, 
research shows that draining tidal marshes through anthropogenic ditching has 
significantly decreased pool density and coverage along the New England coast 
(Adamowicz and Roman 2005). 
Anthropogenic Modifications to Tidal Hydrology: 
Given that the hydroperiod is critical in supporting the natural physical gradients 
that contribute to the plant community patterns, any modification to the natural hydrology 
has significant repercussions on the overall structure and function of the ecosystem 
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(Roman et al. 1984, Pennings and Bertness 2001). Numerous studies have shown the 
important role of the tidal regime in maintaining the physical gradients (Portnoy 1999), 
plant zonation and productivity (Roman et al. 1984, Morris et al. 2002), microbial 
community (Seliskar et al. 2002), fish populations (Roman et al. 2002), and avian 
populations (Erwin et al. 2006). Unfortunately, there are many examples where 
anthropocentric modifications have altered the hydrology of tidal marshes in New 
England. 
Changes to incoming upland runoff can significantly affect the physical and 
biological structure of the marsh edge. For instance, the natural salinity gradients can be 
disrupted by increased freshwater flow entering the marsh along the upland border due to 
increased urbanization (Burdick and Konisky 2003, Silliman and Bertness 2004, King et 
al. 2007). Greer and Stow (2003) provide evidence that increased freshwater runoff 
promotes the growth of brackish and riparian plant species within salt marshes. 
Furthermore, changes in the topography and elevation of the upland marsh edge can alter 
flooding and drainage dynamics. Sediment fans that form from eroding upland edges 
modify the flooding frequency creating distinct vegetation zones of plants adapted for 
drained soils, lower salinity, and reduced soil nutrients (Byrd and Kelly 2006). 
In addition to the alteration of upland runoff, hydrologic modifications to the 
incoming tide can result in large-scale impacts to the upstream marsh structure and 
function. Tidal restrictions (e.g., dikes, culverts, weirs, and flap-gates) represent one of 
the most prevalent and problematic human-induced alterations to tidal hydrology. In 
some cases, the tidal influence is limited to only spring tide flooding leading to oxidation 
of the marsh soils. Changes to the rate of oxygen diffusion in the soil can initiate a series 
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of changes in the physical parameters of the marsh (Anisfeld and Benoit 1997, Portnoy 
1999). 
First, the increased oxygen availability promotes increased decomposition of 
organic matter, which counteracts accretion processes and can lead to subsidence of the 
marsh elevation (Anisfeld et al. 1999). A study completed by Turner (2004) compared 
the subsidence rates of marshes degraded by tidal restrictions, and discovered that 
subsidence can continue for more than 100 years and range between 0.10 to 1.67 cm/yr. 
Second, the increased decomposition allows the release of previously immobilized 
nutrients, such as nitrogen (Anisfeld and Benoit 1997). Third, the accelerated aerobic 
microbial activity in the soil can reduce oxygen availability in the water column 
(Anisfeld and Benoit 1997). Fourth, when previously accumulated sulfide and pyrite 
concentrations react with oxygen, the marsh soil can undergo acidification (Anisfeld and 
Benoit 1997, Portnoy 1999). Following acidification, trace metals (e.g., Pb, Cd, Cu, and 
Ag), which are normally bound to soil organics, become mobilized and are exported to 
the water column during rare flooding events (Anisfeld and Benoit 1997). 
Rationale and Hypotheses: 
Modifying the hydrologic regime of a salt marsh can have profound effects on 
ecosystem structure and stability. While there is considerable research available 
regarding the impacts of large-scale tidal restrictions, such as dikes, culverts, and flap-
gates, very little research has been conducted on the older, historical earthen barriers, or 
berms, found in New England. These structures vary in size and shape, but berms that are 
oriented parallel to the creek edge pose the most threat to the ecosystem by limiting 
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landward flooding. Similarly to the tidal restrictions surveyed in the literature, berms may 
obstruct most tides such that the landward side of the berm is only flooded during 
extreme high tides or storm events. If infrequently flooded, these areas may experience 
higher soil aeration resulting in subsidence and pool formation. 
Given the potential for berms to change the natural physical gradients and plant 
community within a tidal system, they warrant further study. The descriptive study 
presented here examines how berms impact flooding and drainage, a range of pore water 
gradients, soil characteristics, and various plant community metrics in four tidal marshes 
located in northern New England. At all four sites, data collected from the bermed area of 
the marsh were compared with measurements taken in a nearby reference area. 
The two main research questions investigated as part of the study were: 1) Does 
the bermed area of the marsh differ significantly from the reference area; 2) How do the 
seaward and landward sides of the berm compare? The following five hypotheses were 
assumed at the start of the study. 
First, in comparison to reference sites, berms have altered the flooding regime in 
the salt marsh by restricting flows of typical tides. The seaward marsh and reference area 
have comparable tidal ranges while the landward side has limited flooding. 
Second, the berm impedes the drainage of the landward side resulting in unnatural 
pooling of water in the high marsh as compared to the reference area. 
Third, the reduction of tidal flooding results in reduced salinity and sulfide levels 
on the slope and in the landward marsh area. The freshwater inputs from the surrounding 
upland further dilute the salinity in the landward area producing freshwater wetland 
conditions. Thus, the seaward marsh and reference area are comparable regarding salinity 
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and sulfide concentrations while the pore water landward of the berm is fresher with 
lower sulfides. 
Fourth, the berm soils are characterized by higher bulk density with reduced 
organic content and soil moisture, reflective of better soil drainage and increased 
decomposition. In contrast, the marsh soils surrounding the berm are waterlogged 
resulting in higher organic matter and soil moisture and lower bulk density. The berm soil 
texture differs significantly from the reference area, but the marsh soils surrounding the 
berm are similar to the reference area. 
Fifth, berms significantly impact plant species diversity and composition. The 
elevation gradient of the berm supports transitional edge species and the peak is 
dominated by species more typical of upland habitat. The landward and seaward areas 
surrounding the berm support different plant communities based on flood and salt 
tolerance. The fresher environment landward of the berm promotes plant species with 
lower salt tolerance as compared to the reference sites, but seaward of the berm, the plant 




A series of marshes with berms were found in the Great Bay Estuary and southern 
Maine region using aerial photographs. In order to be included in the study, the berm site 
needed to be oriented parallel to the major river or creek and have a non-bermed area 
suitable as a reference. Parallel orientation increased the probability that the seaward side 
of the berm was flooded more frequently than the landward side. 
The four sites chosen for the study are located within the Gulf of Maine; two in 
southern Maine and two in the Great Bay Estuary, New Hampshire (Figure 5). The sites 
in southern Maine border the Drakes Island Road in Wells and Mousam River in 
Kennebunkport. The Great Bay Estuary sites are located along the Cocheco River in 
Dover and Crommet Creek in Durham. 
The Drakes Island berm was constructed in 1847 to create pastureland for cow 
grazing (Belknap et al. 1997). The Mousam River berm represents an abandoned 
fragment of the Boston and Maine Railroad which was built in 1882 (Ramsdell 2010); it 
is currently used as a footpath located within the Madelyn Marx Preserve and protected 
under an easement held by the Kennebunk Land Trust. The stories behind the berms 
located in the Great Bay Estuary are less clear. Based on historical references of Dover, 
New Hampshire, the berm located on the Cocheco River, within the section once referred 
to as "the Narrows", may consist of deposited spoils from river dredging (Whitehouse 
and Beaudoin 1988). The berm located on Crommet Creek is most likely an old 
agricultural dike created to provide additional pastureland for livestock; it is comparable 
in shape and age to the Drakes Island berm. 
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Figure 5: Aerial photographs of descriptive study sites: A) Crommet Creek, Durham, NH; B) Cocheco River, Dover, NH; C) 
Mousam River, Kennebunkport, Maine; D) Drakes Island, Wells, Maine. Photographs (2005-2010) provided by the online 
service, GoogleEarth. Dotted lines represent sampled section of berm. Solid lines represent reference "ghost" berm. Circles 
represent breaks, or eroded areas, of berm. 
Sampling/Survey Design: 
Biotic and abiotic factors were measured along randomized transects within the 
berm and reference areas of the marsh sites. Eight transects were randomly demarcated 
on the berm and eight more were randomly defined in the reference area. For the berm 
measurements, transects were oriented perpendicular to the berm (Figure 6). For the 
reference area, transects were oriented perpendicular to the upland edge along a "ghost" 
berm. Specific to each site, the "ghost" berm was outlined within the reference area in the 
high marsh (parallel to the creek edge) in a shape that resembled the actual berm in 
distance and orientation to the creek edge. 
Three of the eight transects were haphazardly selected for physical characteristics 
sampling at the berm and reference area. Physical measurements included soil and pore 
water extractions. Each of the physical transects contained four plots. For the berm 
sampling, the outer two plots were located 1-meter from the slope break on the seaward 
and landward edges of the berm. A vertical distance of approximately 20 cm was 
measured for the placement of the two inner plots on the berm slope (Figure 6). 
Plant surveys were conducted on all transects (8 berm, 8 reference). The same 
plot locations used for the physical sampling were also surveyed for plant composition. 
Plants were surveyed in an additional five plots within each transect (9 plant survey plots 
per transect). In total, plant cover was measured 1 m, 3 m, and 5 m from the slope break 
on either side of the berm, 20 cm up the slope on either side of the berm, and on the peak 
of the berm (Figures 6 and 7). 
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Figure 6: Cross-section diagram of plots along berm transects. Filled boxes represent soil, pore 
water and plant sampling plots. Non-filled boxes signify additional plant sampling plots. Soils 
and pore water were sampled along three transects, and plant surveys were conducted on eight 
transects. 
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Figure 7: Aerial diagram of sampling design example for berm transects (T1-T8). Filled squares 
represent plots where plant surveys" and physical data (pore water and soils) were collected 
versus non-filled squares represent plots where only plant surveys were conducted. 
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For the reference sampling, the plots were arranged to mimic the sampling 
locations of the berm. Physical plots and plant survey plots were located 0.5 m and 1.5 m 
from the "peak" on either side of the "ghost" berm. Additional plant survey plots were 
located at the "peak" and 3 m and 5 m from the "peak" on either side of the "ghost" berm 
(Figure 8). 
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Figure 8: Cross-section diagram of plot spacing along reference transects. Filled boxes 
represent soil, pore water and plant sampling plots. Empty boxes signify additional plant 
survey plots. Soils and pore water were sampled along three transects, and plant surveys 
were conducted on eight transects. 
Physical Variables: 
Data Loggers -
Automatic water level recorders (Odyssey 2 m, Model Z412) and salinity meters 
(In-Situ Inc., Aqua TROLL 100) were deployed in the marsh for approximately two week 
intervals. In order to record the full range of tidal influence, deployment and removal 
dates were set such that the neap and spring tide variability were both recorded. When 
data loggers were deployed, the relative elevation of ground level at the installation site 
was measured using rod-and-level survey. 
At each site, three water level recorders and two salinity loggers were deployed. 
Two of the water level recorders were installed 1 meter from the landward and seaward 
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edges of the berm slope, and the third was located in the reference area at a similar 
orientation and distance to the creek edge as the seaward berm water level recorder. One 
salinity meter was deployed 1 meter from the seaward edge (near the installed water level 
recorder) for the full duration of the two week interval. The second salinity data logger 
was deployed at the reference water level recorder during the week of neap tides and then 
moved to the water level recorder at the landward side of the berm for the week of spring 
tides. This design allowed for water depth and salinity data collection at all installation 
sites and also provided salinity data for the landward side of the berm when tides were 
most likely to flood that area. 
Elevation — 
Elevation surveys were started in August and finished in September 2009. Using 
rod-and-level survey, the elevation of all the berm and reference plots was measured. 
Along each of the berm transects, an additional elevation was recorded for the slope 
breaks on the landward and seaward sides of the berm. Benchmarks were created at the 
start of the field season to link the data logger elevations to the plot elevations. In 
September of 2010, the true elevation of the benchmarks (± 2 cm), corrected to the North 
American Vertical Datum (NAVD 1988), was collected using a Trimble Real Time 




Pore water data collection was repeated four times at each site between June and 
September 2009. In order to account for neap and spring tide variability, two of the four 
pore water samplings occurred following spring tides and two followed neap tides. Pore 
water samples provided measurements of sulfide concentration and salinity. The sulfide 
fixation and colorimetric analyses were performed using the method of Cline (1969). 
Sulfide samples were fixed in the field using 2% Zinc Acetate solution and stored in a 
cold room (4°C) for no more than two weeks before the analyses were processed. Salinity 
was measured using an optical refractometer. Where soil was dry and pore water could 
not be extracted, 5 cm soil cores were removed from the root zone (10-15 cm) and 
hydrated with 20 ml of deionized water. Hydrated cores settled for 2-7 days before the 
water was extracted and measured for salinity using the refractometer. Dilution factors 
were calculated based on soil moisture measurements to correct the salinity 
measurements. 
Soil Texture — 
Soils cores were used to determine specific soil characteristics: percent moisture 
content, percent organic matter, bulk density, and Sand: Silt + Clay Ratio. Soil cores were 
extracted once from the plots designated for physical measurements at the berm and 
reference areas of each site between June and September 2009 (refer to Figures 6-8). Soil 
cores (radius = 1.65 cm, depth =15 cm) were taken back to the lab and stored in a cold 
room (4°C) until processed. The soil cores were separated into top (0-5 cm) and bottom 
(10-15 cm) sections (the mid section was discarded), weighed wet, dried at approximately 
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80°C for two days, and weighed dry. After drying, the soil samples were burned in a 
muffle furnace for 4 hours at 465°C. The samples were weighed after cooling to 
determine the loss of organic matter. Lastly, the remaining ash was disaggregated and 
sifted in a 63 micrometer (0.0025 inches) sieve to separate the sand (coarse grain 
sediments) from the silt and clay (fine grain sediments). Equation 1 shows the calculation 
used to compute the Sand: Silt + Clay Ratio. 
Equation 1: 
Sand Weight (g) 
Sand: Silt + Clay Ratio = Ash Weight (g) - Sand Weight (g) 
Plant Surveys: 
As described above, eight randomized transects were established on the berm and 
in the reference area for plant surveys (Figures 6-8). Percent cover of each plant species 
was measured within 0.25 m2 quadrats at each plot location using calibrated ocular 
estimates to ensure reliable, accurate data collection. Plant surveys were conducted once 
at each site in August or September 2009. 
To simplify the preliminary analysis of the data, the plant species recorded 
amongst the four sites were sorted into five categories: poly-halophytes, meso-
halophytes, edge, upland, and freshwater. The categories were formed based on flood and 
saline tolerance (Table 1). The Plants Database provided by the United States Department 
of Agriculture (USDA), Tiner (1987), and Sharpe and Baldwin (2009) were used as 
references to develop the plant categories. For a full list of plant species and category 
designation, see Appendix A. 
35 
Table 1: Qualifying characteristics for plant species categorization. Wetland Indicator 
Status (WIS) was provided by the USDA Plants Database (http://plants.usda.gov). WIS is 
listed from wettest to driest environments reading left to right. Saline levels for poly-haline 








OBL, FACW+, FACW 
OBL, FACW+, FACW, FAC+, FAC, FAC-
FACW+, FACW, FAC, FAC-, FACU 
FAC, FAC-, FACU+, FACU, FACU-







Lastly, three basic plant community measures were investigated based on the 
gathered data: richness (number of different species), diversity (combined measure of 
abundance and composition), and evenness (a measure of uniformity among species). 
Richness was calculated as the total number of species in a plot. Diversity was calculated 
using the Shannon Diversity Index (Equation 2) where Pt is the proportion of individuals 
of a given species (z) to the total number of individuals. The Pielou Evenness Index 
(Equation 3) was used to quantify evenness where IT is the Shannon Index Value and S 
represents the total number of species. 
Equation 2: 
tf' = - £ P ; ( l 0 g e P ; ) 
Equation 3: 
/ ' = H' loge5 
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Statistical Analysis 
All Analysis of Variance (ANOVA) results were considered significant at a = 
0.05 and marginally significant at a = 0.10. ANOVAs were computed using the statistical 
software, JMP 8. Where ANOVAs showed significant effects, the Tukey post hoc test 
was used to control for Type I error and assess significance between groups (a = 0.05). 
All ANOVA residuals were examined for evenness of variance and tested for normal 
distribution using a Shapiro-Wilk Test. In order to improve variance evenness and 
enhance the normal distribution of residuals, several variables underwent statistical 
transformations (Table 2). 
Table 2: Transformations applied to response variables to 
improve homogeneity of variances and distribution of 





Soil Organic Matter 
Soil Moisture Content 
Sand : (Silt + Clay) Ratio 
Transformation 
v# 
Log(x + l) 
Log(x + l) 
Log(x + l) 
Arcsine [\fx) 
Log(x + l) 
Physical Variables: 
To simplify the ANOVA models, statistical differences and interaction effects 
concerning site (Crommet, Cocheco, Drakes, and Mousam), tide (neap vs. spring), and 
soil depth (top 0-5 cm vs. bottom 10-15 cm) were analyzed for the berm transects only. A 
separate ANOVA model was used to test differences in response variables between the 
reference and berm areas. 
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The ANOVA model used to assess statistically relevant differences between the 
neap and spring tides for salinity and sulfide concentration followed a split-plot design (N 
= 32; 4 sites x 4 plots x 2 tides). Site and plot (spatial location along the transect) 
represented the main effects while tide functioned as the subplot effect. The neap 
samplings and spring samplings were averaged (n = 2). Additionally, to reduce the 
potential for dependent relationships among plots within the same transect, transects were 
averaged (n = 3). In other words, each plot was represented by an average of three 
transects. 
To examine the soil depth x plot interaction effect, the four soil characteristics 
were also analyzed using a split-plot ANOVA (N = 32; 4 sites x 4 plots x 2 soil depths). 
Site and plot were the main effects while soil depth served as the subplot effect. An 
average of the three sampling transects was calculated for each section of the soil core at 
each plot. 
The berm effect on pore water and soil measures was tested using a split-plot 
ANOVA model whereby berm versus reference (hereafter referred to as the 'berm' 
treatment) and site were considered the main effects and plot was set as the subplot effect 
(N = 32; 4 plots x 4 sites x 2 for berm and reference). Similarly to the tide and soil-depth 
analyses, plots were averaged by transect, so soil and pore water plot comparisons 
represent an average of three transects. Additionally, overall tide averages (combined 
spring and neap) were used for the analyses of berm effect on pore water, and soil depth 
averages (combined top 0-5 cm and bottom 10-15 cm) were used for the analyses of berm 
effect on soil characteristics. 
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Pore water and soils were also analyzed by site using a two-way crossed ANOVA 
to compare physical conditions between the landward and seaward 1-meter plots 
surrounding the berm. No reference plots were included in these comparisons. Transects 
provided replication and were not averaged for the site-by-site ANOVAs. For pore water, 
plot location and tide were included as the two treatments (N = 12; 2 plots x 2 tides x 3 
transects). For the soil analyses, the two treatment levels were provided by plot location 
and soil depth (N = 12; 2 plots x 2 soil depths x 3 transects). Due to the greatly reduced 
sample size for the site-specific analyses, marginally significant results (a = 0.10) were 
acknowledged as ecologically relevant. 
Plant Community Variables 
Principal Component Analysis (PCA): 
A Principal Component Analysis (PCA) examined relationships among plant 
species as an exploratory step to discern whether the plant communities differed within 
and between the berm and reference areas. PCAs were generated using the non-
transformed plant abundance measurements (percent species cover) and constructed 
using orthogonal rotation (PRIMER, version 5). The analysis was centered and used a 
covariance matrix, which is recommended for species abundances (Clark and Warwick 
2001). Plant abundance was examined by zone: seaward, s-slope, peak, 1-slope, and 
landward. The seaward zones represent the average of the three seaward-most plots (S-
5m, S-3m, S-lm), and the landward zones represent an average of the three landward-
most plots (L-5m, L-3m, L-lm). 
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In order to strengthen the power of the PCA test, plant species that accounted for 
less than 2% of the total site were removed from the dataset. In this way, the plant species 
that best characterize the various communities were used in the correlation matrix and 
differences were more readily identified. The five species included in the final PCA were 
Distichlis spicata, Festuca rubra, Juncus gerardii, Spartina patens and Spartina 
alterniflora. 
Analysis of Similarity (ANOSIM) & Similarity Percentages (SIMPER): 
In order to test overall differences between plant communities, an Analysis of 
Similarity (ANOSIM) was performed. The ANOSIM provides significance values 
regarding plant community differences between and within the reference and berm areas. 
The ANOSIM is a non-parametric multivariate analysis employed as an alternative to the 
parametric Multivariate Analysis of Variance (MANOVA) when the normality 
assumptions of the MANOVA are unattainable (Buchsbaum et al. 2006). If the test 
statistic, Global R, is close to '0 ' , the communities being compared are similar 
(indistinguishable), but if the Global R is close to T , the two communities are distinct. 
Results were considered significant using the standard a = 0.05. For each comparison, the 
ANOSIM performed 999 permutations. The similarity matrix used for the ANOSIM was 
created from the Bray-Curtis similarity and was standardized with a square-root 
transformation (PRIMER, version 5). 
Two crossed ANOSIMs were performed to compare plant communities between 
the reference and the berm areas: 1) seaward plant communities (average species 
abundance of three most seaward plots: S-5m, S-3m, and S-lm); 2) landward plant 
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communities (average abundance of three most landward plots: L-5m, L-3m, and L-lm). 
A third crossed ANOSIM (site x zone) was generated to compare communities across 
five zones within the berm area (seaward, s-slope, peak, 1-slope, and landward). After 
completing the ANOSIMs, similarity percentages (SIMPER) were calculated to examine 
the contribution of each plant species. Where communities were significantly different, 
the SIMPER (square-root transformed) provided the percent dissimilarity of each species 
(PRIMER, version 5). 
Community Measures -
The berm effect on community measures (richness, evenness, and diversity) was 
also tested using the split-plot ANOVA model. Site and berm (berm vs. reference) were 
set as the main effects and zone (5 zones; seaward, s-slope, peak, 1-slope, and landward) 
was used as the subplot effect. Community measures were analyzed by zone because 
plots in the seaward or landward areas did not show great variation in plant composition 
or abundance. One independent landward zone replicate was created by averaging the 
three landward (L-5m, L-3m, and L-lm) plots, and the seaward zone represented the 
average of the three seaward plots (S-5m, S-3m, and S-lm). Similarly to the pore water 
and soil data, transects were averaged to ensure independent data, but in this case, each 
plant survey plot represented an average of eight transects (N = 40; 5 zones x 4 sites x 2 
for berm and reference). 
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Interactions among Physical and Plant Variables: 
Pearson Correlations -
Pearson Correlations were generated to compare pore water, soil texture, and 
plant community variables (N = 48; 4 sites x 4 plots x 3 transects; JMP, version 8). The 
observations included berm plots from all four sites where all metrics were measured 
(i.e., S-lm, S-slope, L-slope, and L-lm). The critical value of the Pearson Correlation 
Coefficient was determined at r = 0.29 with pairwise comparisons considered significant 




Hydrology and Elevation -
By comparing the data from the water level recorders and elevation surveys 
between the reference and berm areas, the modified hydrogeomorphology is apparent at 
each of the four sites (Figures 9-12). The four berms had an average height (distance 
from the mean slope break elevation to the average peak elevation) of 0.71 m. Across all 
four sites, the berms had an average width (distance from seaward slope break to 
landward slope break) of 5.2 m. Each site differed slightly in the number and extent of 
eroded areas, or breaks, in the berm (Figure 5). 
The tidal flux varied at each site based on the elevation. Additionally, on the 
landward side, the tidal flow depended on the condition of the berm (i.e., the number of 
breaks). In general, the results from the water level recorders show reduced tidal range 
landward of the berm. 
At Crommet Creek, the mean height of the berm was 0.88 m and the average 
width was 3.6 m (Figure 9). According to the elevation survey, the average landward 
elevation was approximately 30 cm higher than the average seaward elevation. 
Additionally, the elevation landward of the berm was considerably higher than the 
"landward" plots, or high marsh, in the reference area by approximately 30 cm. Based on 
the water level recorders, the landward side of the berm was not flooded by the neap or 
spring tides at any point during the sampling period. Also, the plot on the landward slope 
was never flooded over the two week period whereas the plot on the seaward slope was 
regularly flooded during spring tides. Lastly, the depth of the pool on the landward side, 
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where the water level recorder was installed, did not vary greatly over the two week 
period. 
The Cocheco River site had the lowest elevation relative to mean high tide of any 
of the sites (Figure 10). The average height was 0.70 m and the average width was 5.6m. 
The average seaward elevation was approximately 0.45 m lower than the landward side. 
The landward elevation was also substantially higher than the corresponding plots in the 
reference area. Although the landward elevation was much higher than the seaward side, 
it still flooded regularly during spring tides. The landward tidal range was reduced due to 
the increased elevation and diminished the tidal prism, or volume of water flooding the 
marsh, on the landward side. The seaward slope was flooded during neap tides while the 
landward slope plot was only flooded during the high spring tides. 
The cross-section of the Mousam River berm differs from the other three sites 
because of the footpath located in the center of the berm peak. Instead of taking a peak 
elevation in the center of the footpath, elevation points were taken on the seaward and 
landward crests. The Mousam River berm was the largest of the four berms (Figure 11). 
Although the average height of the berm was comparable to Crommet (0.87 m), the 
average width was 9.0 m. Unlike the two riverine sites, the average landward elevation at 
Mousam River was lower than the seaward average by approximately 0.06 m. However, 
landward of the berm, the tidal range was still reduced. At Crommet and Cocheco, the 
reduction in tidal range on the landward side of the berm was partially due to a difference 
in elevation, but at Mousam the diminished landward tidal range is more likely a result of 
direct berm interference to the tidal flow. Also, landward of the berm at Mousam, the 
water depth remained high due to a pool of standing water. 
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The Drakes Island berm was the smallest of the four berms with an average height 
of 0.38 m and an average width of 2.6 m (Figure 12). The elevation on the seaward and 
landward sides of the berm did not differ greatly; the landward area was approximately 
0.03 m higher in average elevation than the seaward. Because the spring tide was not 
adequately covered during the sampling period, the results from the water level data 
collected at Drakes Island were not conclusive regarding the impact of the berm on the 
tidal regime. Because the water level recorders did not show any tidal influence, the data 
are not included in Figure 12. 
In summary, at the two riverine sites (Crommet Creek and Cocheco River) the 
elevation on the landward side was considerably higher than the seaward side (30 cm and 
45 cm, respectively). However, the two backbarrier sites (Mousam River and Drakes 
Island) did not follow the same trend. At Mousam River, the trend was reversed with the 
lower elevation on the landward side of the berm. At Drakes Island, the average 
elevations of the two areas were nearly the same. In regards to the water level data, the 
tidal range was reduced on the landward side at all of the sites where data were 
successfully collected (three of the four sites). 
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Figure 9: Elevation and water level for the berm and reference areas at Crommet Creek, 2009. Mean plot elevation for reference and 
berm (n = 8; ± 1 SE). Arrow indicates placement of water level recorder at reference (R), seaward of the berm (SB), and landward of 
the berm (LB). 
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Figure 10: Elevation and water level for the berm and reference areas at Cocheco River, 2009. Mean plot elevation for reference and 
berm (n = 8; ± 1 SE). Arrow indicates placement of water level recorder at reference (R), seaward of the berm (SB), and landward of 
the berm (LB). 
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Figure 11: Elevation and water level for the reference and berm areas at Mousam River, 2009. Mean plot elevation for reference and 
berm (n = 8; ± 1 SE). Arrow indicates placement of water level recorder at reference (R), seaward of the berm (SB), and landward of the 
berm (LB). 
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Figure 12: Mean plot elevation for reference and berm areas at Drakes Island, 2009 (n = 8; ± 1 SE). 
Surface Water Salinity — 
Surface water salinity changes were recorded at the reference area, 1 m seaward 
of the berm, and 1 m landward of the berm at all four sites (Figures 13-16). The loggers 
only recorded accurate surface water salinity data while submerged, so when the tide 
receded and the loggers were no longer inundated, the 10-minute readings showed 0 ppt. 
Only the data recorded while the device was submerged are presented. In some cases, the 
loggers were submerged in pools providing more data for the two-week period. The 
results from the salinity data loggers show a time delay between flooding events and 
increases in salinity (Figures 13-15). In all cases, the salinity increased when the spring 
tide flooded the marsh. However, overall salinity levels did not differ greatly between the 
seaward and landward areas surrounding the berm. 
The two riverine systems showed very different landward salinity trends. At 
Crommet Creek, the salinity concentration increased over time behind the berm (Figure 
13). At the Cocheco River site, the landward salinity followed the same patterns as the 
seaward and reference area whereby increased flooding led to increased salinity (Figure 
14). Rainfall events did not appear to impact the water levels or salinity at Crommet 
Creek. However, at the Cocheco site, the accumulation of rainfall may account for the 
sharp decline in salinity between June 24th and June 26th. 
At the Mousam River site, the initial spring tides increased salinity landward of 
the berm. After the spring tides, the salinity levels dropped on the landward side but 
remained high on the seaward side (Figure 15). During the first set of neap tides, there 
was a slight decline in salinity at Mousam, but once the spring flooding started, the 
seaward salinity remained high for the duration of the sampling period. 
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At the Drakes Island site, the recorded variability in surface water salinity was 
limited because the tidal regime was not sufficiently captured by the data loggers. The 
reference salinity logger was not submerged for a long enough period to provide 
meaningful results. However, the seaward and landward salinity data loggers were placed 
in pools bordering the berm. Unfortunately, the seaward pool dried out after one week of 
data recording so the seaward and landward surface water salinity could not be compared 
over the same time period. Inferring from the acquired data, the seaward surface water 
salinity was approximately 5 ppt higher than the landward area. The salinity stayed very 
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Figure 13: Water level and surface water salinity at the reference (A), seaward of the 
berm (B), and landward of the berm (C) for Crommet Creek, 2009. Daily 
precipitation for Durham, New Hampshire (D) provided by the National Climatic 
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Figure 14: Water level and surface water salinity for the reference (A), seaward 
of the berm (B), and landward of the berm (C) at Cocheco River, 2009. Daily 
precipitation for Durham, New Hampshire (D) provided by the National 
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Figure 15: Water level and surface water salinity for the reference (A), seaward of 
the berm (B), and landward of the berm (C) for Mousam River, 2009. Daily 
precipitation for Kennebunkport, Maine (D) provided by the National Climatic 
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Figure 16: Surface water salinity seaward and landward of the berm at 
Drakes Island, 2009 (A). Daily precipitation for Kennebunkport, Maine (B) 
provided by the National Climatic Data Center of the NOAA Satellite and 
Information Service (http://www.ncdc.noaa.gov/oa/ncdc.html). 
Pore Water — 
MODEL #1 - ANOVA comparing pore water salinity and sulfide across 
berm plots: While pore water salinity differed significantly across the four sites (Table 
3; Figure 17), sulfide concentration did not (Table 3). Based on the Tukey post hoc 
results (Figure 17), the differences in salinity did not segregate based on marsh type (i.e., 
backbarrier versus riverine). Mousam River had significantly higher salinity levels than 
the other backbarrier site, Drakes Island, and Crommet Creek had higher salinity 
measurements than Cocheco River (another riverine site). Given the high abundance of 
salt tolerant plant species present at all four sites, the pore water salinities, overall, were 
quite low, perhaps due to abundant rainfall in 2009 (e.g., Figure 15). 
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There was no interaction effect between tide (neap vs. spring) and plot location on 
salinity or sulfide concentration. For salinity, the spring tide always resulted in 
significantly higher levels than neap tides (Figure 18). Sulfide concentrations did not 
respond to tidal changes like salinity. There was no significant relationship between 
sulfide concentration and tide (Table 3). 
Table 3: Statistical result from split-plot ANOVA comparing 
pore water variables between the tide (spring versus neap) and 













































F= 19.499, p = 0.0003 
a 
Cocheco Crommet Drakes Mousam 
Figure 17: Tukey post hoc results comparing 
average salinity at four bermed tidal marshes (n = 
8; ± 1 SE). Columns sharing the same letters are 
not significantly different (a = 0.05). 
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F = 28.549, p= 0.0002 
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Neap Spring 
Figure 18: Tukey post hoc results comparing 
average salinity levels during neap and spring tides 
at four bermed tidal marshes (n = 16; ± 1 SE). 
Columns sharing the same letters are not 
significantly different (a = 0.05). 
MODEL #2 - ANOVA comparing pore water salinity and sulfide between 
and within the berm and reference plots: Based on the split-plot ANOVA results 
comparing pore water gradients between and within the berm and reference area, there 
was a significant interaction effect with plot and berm presence/absence (Table 4). When 
comparing the pore water conditions at the berm and reference areas, a distinct trend is 
visible (Figures 19 and 20); the salinity and sulfide gradients were significantly changed 
in the berm area. The reference area showed a very gradual reduction in both pore water 
measures as elevation increased (when analyzed separately from the berm data, the 
gradual decrease across the four reference plots was significant for both pore water 
gradients). In contrast, salinity and sulfide showed steep gradient changes corresponding 
to the slope of the berm. The pore water at marsh elevation was not significantly different 
between the landward and seaward sides of the berm. Furthermore, the pore water 
conditions surrounding the berm did not differ significantly from the reference samples. 
Salinity on the seaward slope was not significantly different from the seaward or 
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landward 1 -meter plots, but the landward slope salinity did show a significant reduction 
from the surrounding marsh plots (Figure 19). The salinity levels on the berm slopes 
correlate with the frequency of tidal flooding seen at Crommet Creek and Cocheco River 
(Figures 9 and 10, respectively). Sulfide concentrations on the berm slopes were 
significantly lower than the surrounding marsh (Figure 20). 
Table 4: Statistical results from the split-plot ANOVA comparing two 
pore water variables within and between the reference and berm areas 
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F = 4.444, p = 0.017 
a 
ab M a? 
L-lm 
Figure 19: Tukey post hoc results showing a plot x berm interaction 
effect on salinity (n = 4; mean ± 1 SE). Columns sharing the same 
letters are not significantly different (« = 0.05). 
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Figure 20: Tukey post hoc results showing a plot x berm interaction 
effect on sulfide concentration (n = 4; mean ± 1 SE). Columns sharing 
the same letters are not significantly different (a = 0.05). 
Soils -
MODEL #3 - ANOVA comparing soil texture characteristics across berm 
plots: The findings from the ANOVA results show an interaction effect (soil depth x 
plot) on three out of the four soil parameters, bulk density, moisture content, and organic 
matter (Table 5, Figure 21). Bulk density was significantly greater within the bottom 10-
15 cm of the berm soils than the top 0- 5 cm. The deeper section of the berm soil core 
was statistically comparable in bulk density to the surrounding marsh soils. There was no 
difference in bulk density among the two sections of the soil cores taken 1-meter from the 
berm (Figure 21 A). Soil moisture on the berm slope was significantly reduced in the 
bottom 10-15 cm of the soil core, but the top 0-5 cm showed similar moisture content 
levels as the adjacent marsh plots (Figure 2IB). Organic matter followed a similar pattern 
to the moisture content levels. Within the top 0-5 cm of the soil core, organic matter did 
not vary enough to be significant between the plots. Also, the bottom section of the berm 
soil cores (10-15 cm) showed significantly reduced soil organic matter in relation to the 
iope L-slope L-lm 
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top 0-5 cm. Like soil moisture, the organic matter levels in the 1-meter marsh soil cores 
were more homogenous and showed no change with depth (Figure 21C). 
Table 5: Statistical results from the split-plot ANOVA 
characteristics across site, plot, and soil depth (top 0-5 
15 cm) within the berm area of four tidal marshes (N = 
2 depths). 
comparing soil texture 
cm versus bottom 10-
: 32; 4 sites x 4 plots x 
Variable 
Bulk Density 
% Soil Moisture 
% Organic Matter 
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F= 13.205, p = 0.000 
be 
S-lm S-slope L-slope L-lm 
Figure 21: Tukey post hoc results examining the interaction effect 
between plot and soil depth on bulk density (A), soil moisture 
content (B), and soil organic matter (C). Averages from four 
bermed tidal marshes (n = 4; ± 1 SE). Columns sharing the same 
letters are not significantly different (a = 0.05). 
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The only soil texture characteristic that showed significant changes by site was 
Sand: Silt + Clay Ratio (Figure 22, Table 5). The backbarrier sites, Mousam River and 
Drakes Island, showed significantly higher ratios than the riverine sites, Cocheco River 
and Crommet Creek. The results indicate that soil composition differentiates by marsh 
type; the percentage of fine grain soils (i.e., silt and clay) was greater in the riverine 










F= 10.692, p = 0.003 
a 
Cocheco Crommet Drakes Mousam 
Figure 22: Tukey post hoc test comparing Sand: 
Silt + Clay Ratio among four bermed tidal marshes 
(n = 8; mean ± 1 SE). Columns sharing the same 
letters are not significantly different (a = 0.05). 
MODEL #4 - ANOVA comparing soil texture characteristics within and 
between the berm and reference plots: The ANOVA results show a berm effect on 
three of the four soil texture characteristics, bulk density, soil moisture, and organic 
matter (Table 6, Figure 23). The ANOVA results for Sand: Silt + Clay Ratio did not 
show any significant differences. The average bulk density (combined average of the 0-5 
cm and 10-15 cm sections) was significantly higher on the berm than in the marsh soils 
beside the berm or in the reference area. The 1-meter seaward and landward soil cores 
showed no significant difference in average bulk density. The average bulk densities of 
the marsh soils surrounding the berm were comparable to those in the reference area 
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(Figure 23A). The average soil moisture content (combined average of the 0-5 cm and 
10-15 cm sections) was significantly lower on the berm than in the plots 1 meter from the 
berm or the plots in the reference area. Average soil moisture content did not differ 
between the 1-meter plots on the seaward and landward sides of the berm. In addition, the 
soil moisture surrounding the berm was not significantly different from the reference 
soils (Figure 23B). The average soil organic matter (combined average of the 0-5 cm and 
10-15 cm sections) follows a similar trend as the soil moisture content results; however, 
the average organic matter within the berm cores was not significantly different from the 
reference area (Figure 23 C). 
Table 6: Statistical results from the split-plot ANOVA testing differences among soil 
characteristics between and within the reference and berm area (N = 32; 4 plots x 4 sites 
x 2 for berm and reference). 
Variable 
Bulk Density 
% Organic Matter 
% Soil Moisture 
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F = 8.325, p = 0.001 
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iii 
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Figure 23: Tukey post hoc results assessing the berm effect on bulk 
density (A), moisture content (B), and organic matter (C). Average results 
from four bermed tidal marshes (n = 4; ± 1 SE). Columns sharing the 
same letters are not significantly different (a = 0.05). 
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Individual Site Analyses — 
To compare physical properties on the landward and seaward sides of the berm on 
a smaller scale, each site was also analyzed individually (Models 5 and 6; Tables 7 and 
8). For each site, the pore water and soil texture parameters were compared between the 
plots 1-meter seaward and landward of the berm (N = 12). 
MODEL #5 - ANOVA testing differences in pore water salinity and sulfide 
concentration between the landward and seaward 1-meter berm plots: Table 7 
shows the results from a crossed ANOVA testing the effect of plot location and tide 
within each site. The only two significant effects exist as tide effects at Crommet and 
Drakes Island. At both sites, salinity levels were significantly higher following a spring 
tide. However, several marginally relevant effects (a = 0.10) occur as plot effects at 
Cocheco (sulfide), Crommet (salinity), and Drakes (sulfide). At Cocheco River, sulfide 
concentration was higher on the landward side of the berm (1.15 mM ± 0.46 SE) than the 
seaward side (0.24 mM ± 0.10 SE). Conversely at Drakes Island, the sulfide 
concentration was higher at the seaward plot (2.41 mM ± 0.11 SE) than the landward plot 
(1.33 mM ± 0.47 SE). At Crommet Creek, the salinity was higher on the landward side 
(13.6 ppt ±1.0 SE) than the seaward side (11.3 ppt ± 0.8 SE). There were no statistically 
significant effects on salinity or sulfide concentration at Mousam River. 
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Table 7: Statistical results from the crossed ANOVA testing the effect of plot 
(S-lm, L-lm) and tide (spring, neap) on pore water variables, by site (N = 12; 
2 plots x 3 transects x 2 tides). 




















































































MODEL #6 - ANOVA comparing soil texture characteristics between the 
seaward and landward 1-meter berm plots: Soil texture characteristics were 
significantly affected by berms and/or depth at all the sites except at Cocheco and Drakes 
(Table 8). None of the soil properties varied significantly by plot or by depth at Cocheco, 
and the Drakes berm only showed marginal impacts. 
At Crommet Creek, the moisture content and organic matter were both 
significantly higher on the landward side of the berm, and bulk density was marginally 
lower landward of the berm (Table 9). There was also a significant soil depth effect for 
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organic matter at Crommet Creek whereby the organic matter was higher within the top 
0-5 cm of the soil (62.2% ±4.1 SE) than within the 10-15 cm section (51.9% ± 6.3 SE). 
Table 8: Statistical results from the crossed ANOVA testing whether soil properties differed 
significantly by plot (S-lm, L-lm) or soil depth (top 0-5 cm, bottom 10-15 cm) surrounding 
the berms at each site (N = 12; 2 plots x 3 transects x 2 soil depths). 











































































































































Table 9: Mean soil texture results (n = 
Soil Property 
•5 
Bulk Density (g/cm ) 
Moisture Content (%) 
Organic Matter (%) 
6; ± 1 SE) from Crommet Creek. 
S-lm 
0.23 (± 0.03) 
81.3 (± 1.7) 




67.2 (± 2.5) 
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Drakes Island showed two marginal depth effects on soil organic matter and water 
moisture. Soil moisture content and organic matter were higher in the top 0-5 cm (86.8% 
± 0.2 SE, 84.3% ±2.0 SE, respectively) than in the 10-15 cm soil depth (soil moisture = 
80.0% ± 4.0 SE, organic matter = 62.7% ± 9.7 SE). 
There were no significant depth effects on the soils at Mousam River; however, 
bulk density, moisture content, and organic matter all showed a significant plot effect. 
Bulk density was lower on the seaward side while moisture content and organic matter 
were higher on the seaward side (Table 10). 
Table 10: Mean soil texture results (n = 6; ± 1 SE) from Mousam River. 
Soil Property 
-5 
Bulk Density (g/cm ) 
Moisture Content (%) 
Organic Matter (%) 
S-lm 
0.10 (±0.01) 
88.6 (± 0.7) 
72.2 (± 2.0) 
L-lm 
0.20 (± 0.02) 
83.2 (±1.1) 
49.0 (± 6.6) 
Plant Community Variables: 
Plant Categorization -
Species identified during the plant surveys were grouped into five categories 
based on flood and salt tolerance (see Appendix A for list of species and category 
designation). The categories were as follows: poly-halophytes, meso-halophytes, edge, 
upland, and freshwater. Halophytes were separated into two groups (poly- and meso-) to 
account for changes in tolerance along the salinity gradient. Edge and upland species 
included plant species better suited for drier, well-drained soils. Freshwater species 
represented plants that are flood tolerant but not salt tolerant. 
68 
A preliminary exploration of the data showed dramatic change in plant 
communities along the elevation gradient of the berm (Figure 24A). Along the berm 
transects, the poly-halophytes dominated the marsh plots seaward and landward of the 
berm. Meso-halophytes were present in the marsh plots, but were more abundant 20 cm 
up the berm slopes. The peak plots were largely composed of edge species and upland 
species. The percent of poly-halophytes (common salt marsh species) declined rapidly 
with increasing berm elevation. Meso-halophytes and freshwater species were more 
common on the landward side of the berm than on the seaward side. 
In contrast to the berm results, the reference area showed little difference in plant 
abundance or composition among the plots. Figure 24B shows the dominance of poly-
halophytes over the other plant categories. The percentage of meso-halophytes gradually 
increases with the incline in elevation as the plots approach the upland edge. Any 




A) • • Freshwater Species 
^^M Upland Species 
Edge Species 
S-5m S-3m S-lm S-slope peak L-slope L-lm L-3m L-5m 
Plot Location 
Figure 24: Average percent cover by plot along A) berm transects and B) 
reference transects for five plant categories (n = 32). Dataset includes surveys 
from four tidal marshes completed in August-September 2009. The average fill 
line was generated using the spline (smooth-line) curve feature in SigmaPlot® 
(1986-2001). The mathematical formula connecting data points is descnbed as a 
running interpolation of cubic polynomials. 
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Principal Component Analysis -
The PCA produced two significant principal component vectors, explaining 
85.8% of the cumulative variation within the plant community zones; the first principal 
component (PCI) and the second principal component (PC2) explained 69.3% and 
16.4%, respectively, of the variability within the dataset. S. patens and S. alterniflora 
were the only two plant species with significant loadings (> | 0.4 | ) ; S. patens loads 
positively on PCI whereas S. alterniflora loads positively on PC2 (Table 11). 
Based on the results, the berm and reference plant communities seem to differ 
(Table 12, Figure 25). Except for the seaward zone, the berm zones load negatively on 
PCI and PC2 indicating that S. patens and S. alterniflora cover is reduced in the higher 
elevations of the bermed zones, especially the slopes and peak of the berm (Figure 25 A). 
The landward zone loads slightly less negative on PCI and PC2 suggesting that this zone 
has higher cover of S. patens and S. alterniflora than the slopes and peak of the berm. 
The prevalence of S. alterniflora and S. patens seaward of the berm is shown by the 
positive loading of the seaward zone on PCI and PC2. 
In contrast, most of the reference zones load positively on PCI indicating that the 
high abundance of S. patens best defines the plant community in the reference area 
(Figure 25B). The seaward zone in the reference area appears to have the greatest percent 
cover of S. alterniflora since it loads strongest in the positive direction on PC2. For the 
reference area, the PC2 loadings follow the elevation gradient from the low marsh 
("seaward" plots) to the higher marsh ("landward" plots) suggesting a change from low 
marsh species (i.e., S. alterniflora) to high marsh species (i.e., S. patens). 
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Table 11: Factor loadings for principal component 1 (horizontal 
axis in Figure 25) and principal component 2 (vertical axis in 
Figure 25) associated with each variable included in the principal 
component analysis (N = 320). Loadings were considered strong 
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Figure 25: Mean factors for berm data (A) and reference data (B) 
from PCI (horizontal axis) and PC2 (vertical axis) in the principal 
component analysis (n = 32). See Table 12 for standard error. 
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Table 12: Mean (± 1 SE) factor scores for PCI and PC2 from the 
principal component analysis comparing plant community 















































Analysis of Similarity (ANOSIM) & Similarity Percentages (SIMPER) -
Based on the two-way ANOSIM comparing seaward plant communities between 
the reference and berm area, the plant composition was fairly similar between the two 
areas (N = 64, global R = 0.317, p = 0.001). The two-way ANOSIM comparing the 
landward plant communities between the reference and bermed area showed greater 
difference (N = 64, global R = 0.541,/? = 0.001). 
The similarity percentages (SIMPER) were conducted to determine which plant 
species contributed the most to the differences between plant communities. The seaward 
community comparison between the berm and reference area showed the lowest average 
dissimilarity at 48.5. The landward plots between the reference and bermed areas showed 
greater dissimilarity (Table 13). Approximately 30% of the dissimilarity between the two 
landward communities was accounted for by three variables: S. patens, bare sediment, 
and Juncus gerardii. S. patens was more abundant in the reference area while bare 
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sediment (associated with standing water) was more prevalent on the landward side of the 
berms. Additionally, the landward area behind the berm was composed of less J. 
gerardii, Triglochin maritimum, Solidago sempervirens, Schoenoplectus robustus, Glaux 
maritima, and Symphyotrichum subulatum but more Distichlis spicata, dead plant 
material, S. alterniflora, Schoenoplectus maritimus, Spartina pectinata, Festuca rubra, 
and Juncus arcticus than the reference plots. 
Table 13: Percent of dissimilarity in landward plots between the reference and berm area of 
four tidal marsh sites. Overall average dissimilarity = 60.78. Species that contributed to the 




























































































A second ANOSIM was used to compare the various plant communities found 
along the berm transects (N = 160). Because the plant community did not vary greatly 
within the three plots on the seaward or landward sides, plots were grouped into five 
zones for the analysis: seaward (combined average of S-lm, S-3m, and S-5m), s-slope, 
peak, 1-slope, and landward (combined average of L-lm, L-3m, and L-5m). The pairwise 
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comparisons from the ANOSIM results show that all five communities differed 
significantly from one another (Table 14). The greatest difference in plant community 
exists between the seaward zone and the peak of the berm. The same pattern in plant 
community variation was also illustrated in Figure 24, where the shift in percent cover of 
the five plant categories changed with elevation. 
Table 14: Pairwise comparisons from ANOSIM testing differences 
between five zones along berm transects at four tidal marshes (n = 32, 


































For each zone pair from Table 14, SIMPER analyses were conducted to examine 
which plant species contributed to the differences in community composition (e.g., 
seaward and s-slope, seaward and peak, etc.). The data outputs and summaries for each of 
the SIMPER analyses are available in Appendix B. However, the plant community 
comparison between the seaward and landward zones is also provided below as an 
example. 
The percent dissimilarity in plant composition between the seaward and landward 
sides of the berm is best explained by the change in the average abundance of S. patens 
(-14% contribution). However, approximately 21% of dissimilarity is associated with 
greater cover of S. alterniflora seaward of the berm and greater bare sediment (i.e., 
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standing water) on the landward side. Also, the landward zone showed greater overall 
diversity with higher percent cover of numerous species, including J. gerardii, S. 
maritimus, Agrostis stolonifera, F. rubra, S. sempervirens, S. pectinata, T. maritimum, 
Toxicodendron radicans, and Atriplex patula. Also, the landward side consisted of 
considerably more dead plant material than the seaward area (Table 15). 
Table 15: Percent of dissimilarity between the plots on the landward and seaward side of the 























































































MODEL #7 - ANOVA comparing plant community measures between and 
within the berm and reference zones: The results from the split-plot ANOVA 
compared the berm and zone effects among the three plant community measurements, 
richness, evenness, and diversity (Table 16). Richness was significantly greater on the 
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seaward and landward slopes of the berm than in the surrounding marsh plots (Table 
17A, Figure 26A). Richness on the berm slopes was also significantly greater than most 
of the zones in the reference area. Evenness did not change significantly between the 
berm zones and was also comparable to the species evenness found in the reference area 
(Table 18B, Figure 26B). Lastly, plant diversity was significantly higher on the berm (s-
slope, peak, and 1-slope) than in reference area or in the marsh plots seaward and 
landward of the berm (Table 17C, Figure 26C). 
Table 16: Statistical results from split-plot ANOVA testing 
differences in three community measures between and within the 
reference and berm areas (N = 40; 5 zones x 4 sites x 2 for the 


























































Table 17: Statistical results from Tukey post hoc tests for plant species 
richness (A), evenness (B), and diversity (C), which compare differences 
between and within the reference and berm areas of four tidal marshes (n = 
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Figure 26: Average plant species richness (A), evenness (B), and 
diversity (C) within five zones of the berm and reference area (n = 4; ± 
1 SE). See Table 17 for Tukey post hoc statistical results. 
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Interactions among Physical and Plant Community Variables: 
Pearson Correlations -
The results from the Pearson Correlation show several significant relationships 
(Table 18). Within the physical variables, salinity was positively correlated with sulfide 
concentration, percent organic matter, and percent soil moisture. Sulfide concentration 
showed a negative correlation with bulk density but a positive correlation with percent 
soil organic matter and percent soil moisture. For the soil characteristics, organic matter 
and soil moisture were positively correlated. Bulk density was negatively correlated with 
percent organic matter and soil moisture but showed a positive correlation with Sand: Silt 
+ Clay Ratio. Also, increases in Sand: Silt + Clay Ratio were weakly correlated to 
decreases in soil moisture content. 
Within the plant community metrics, the percent of poly-halophytes was 
negatively correlated with meso-halophyte cover, edge species cover, freshwater species 
cover, species richness, evenness, and species diversity. Conversely, the percent of meso-
halophytes was positively correlated with freshwater species, species richness, evenness, 
and diversity. Percent edge species showed a positive correlation with freshwater species, 
richness, and diversity. Freshwater species cover was also positively correlated with 
richness. Not surprisingly, evenness and species richness were both positively correlated 
with one another and species diversity. 
The interaction among the physical and plant community variables yielded 
numerous significant relationships. First, correlations were discovered among the 
physical components and plant categories. Poly-halophytes had a strong positive 
correlation with salinity and percent soil moisture but a negative correlation with bulk 
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Table 18: Pearson Correlations between pore water, soil texture, and plant community variables among the berm plots (N = 48). BD = Bulk 
Density; %OM = Percent Organic Matter; %Moist = Percent Soil Moisture; S:S+C = Sand: Silt + Clay Ratio; % P-H = Percent of Poly-Halophyte 
Cover; % M-H = Percent of Meso-Halophyte Cover; % E = Percent of Edge Species Cover; % Upl = Percent of Upland Species Cover; % Fresh = 




























































































































%Fresh Rich Even Div 
1.00 
0.36* 1.00 
0.09 0.32* 1.00 
0.25 0.83** 0.78** 1.00 
* Significant relationships at | r 
** Significant relationship at | r 
> 0.29 and a = 0.05. 
> 0.45 and a = 0.001. 
density. In contrast, meso-halophytes showed a negative correlation with salinity and soil 
moisture. These two plant categories had stronger correlations with salinity than with 
sulfide although the relationship was similar for both gradients. Like the meso-
halophytes, the percent of edge and freshwater species was also negatively correlated 
with salinity. Increases in percent edge species was weakly correlated with decreases in 
sulfide concentration. Upland species did not show any significant correlations with pore 
water or soil composition. 
Second, there were several significant relationships among the physical factors 
and the community measures (i.e., richness, evenness, and diversity). Richness and 
diversity were negatively correlated with salinity, sulfide, organic matter, and soil 
moisture but positively correlated with bulk density. Sulfide concentration was the only 





The data collected from the water level recorders demonstrated that three of the 
four sites (Crommet, Cocheco, and Mousam) experienced reduced flooding on the 
landward side of the berm. At Crommet, the water level recorders showed no indication 
that the landward area ever flooded during the two week tidal cycle. At Cocheco, the tidal 
range was limited (due primarily to a difference in elevation) on the landward side in 
comparison to the seaward side of the berm and the reference area. The diminished tidal 
flooding at Mousam was most likely a result of interference from the berm as the 
landward elevation was lower than the reference or seaward elevation. Due to inadequate 
data collection, the impact of the berm on the tidal regime at the fourth site, Drakes 
Island, is still unknown. Given these results, the first hypothesis is accepted; parallel-
oriented berms do restrict tidal flooding of the landward section of the marsh. 
The adverse effects of tidal restriction on salt marsh structure and function have 
been documented in studies around the world (Crooks et al. 2002, Warren et al. 2002, 
Bernhardt and Koch 2003, Greenwood and MacFariane 2006, Ritter et al. 2008). Other 
examples of tidal restrictions include dikes, undersized culverts, and tidal gates. These 
restrictions can change biogeochemical cycles in the soil transforming halophytic 
communities to brackish or upland communities (Roman et al. 1984, Portnoy 1999). 
Large-scale tidal restrictions can cause declines in nekton and avian diversity and 
abundance, an indication of reduced overall function and stability of the salt marsh 
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system (Roman et al. 2002, Buchsbaum et al. 2006, Raposa 2008). Restoring the natural 
hydrologic regime can reestablish the natural physical gradients and plant composition 
(Roman et al. 1995, Greenwood and MacFariane 2006). However, the elevation and 
hydrology of the marsh are critical components of effective tidal restoration (Roman et al. 
1995, Crooks et al. 2002). A full understanding of the unique temporal and spatial scales 
at the site is also fundamental to effective monitoring and management of tidal 
restoration. The removal of berms to restore the natural tidal flow is addressed more fully 
in Chapter 5. 
Drainage -
In addition to the modified tidal range, the drainage of the marsh may be impacted 
by the berm. The pools of standing water located landward of the berm at all four sites 
may signify poor drainage caused by the berm. Redfield (1972) recognized that pools can 
form where natural drainage or flushing mechanisms are inhibited. If the marsh surface 
subsides from impaired marsh processes (e.g., reduced sediment supply, peat compaction 
from wrack or ice, increased decomposition, etc.), occasional flooding events result in 
pools of standing water (Portnoy and Giblin 1997). The waterlogged soils can become 
too stressful for the pre-existing plant community causing plant mortality and root zone 
collapse (Delaune et al. 1994). However, the pools behind the berms may also be remnant 
borrow pits dug during the making of the berm. Because it is difficult to distinguish 
between the two possible explanations for the landward standing water at these four sites, 
no definitive conclusion can be made regarding the second hypothesis: the berm impedes 
drainage of the landward marsh. Whether it is a result of construction or the long-term 
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effect of drainage interference, the basic observation still holds that berm presence tends 
to correlate with large pools landward of the barrier. This correlation is further explored 
and confirmed in Chapter 5. 
Elevation -
Because the hydrology is manipulated by the presence of the berm, the tidal 
sediment exchange and decomposition rate might also be affected (Anisfeld et al. 1999, 
Byrd and Kelly 2006). The considerable differences in elevation between the marsh 
landward of the berm and the reference area may be evidence of altered elevation 
adjustment processes. At all four sites, the seaward marsh was closer in elevation to the 
reference area than the area landward of the berm. At the two riverine sites, the landward 
elevation was higher than the reference and seaward areas by 30-45 cm. Conversely, the 
backbarrier sites had lower elevation on the landward side than the seaward or reference 
areas (Mousam) or nearly the same marsh elevation (Drakes Island). Thus, the berm 
appears to impact the landward sediment deposition and decomposition differently at 
backbarrier versus riverine sites. 
At the backbarrier sites, especially Mousam, the sediment supply may be limited 
by the berm. Studies show that where tidal restrictions reduce the tidal flow across the 
marsh, vertical accretion is often maintained by plant biomass build-up rather than by the 
accumulation of inorganic sediments (Roman et al. 1984, Portnoy 1999). Where sediment 
supply is limited and pools of standing water reduce plant growth, subsidence of the 
marsh surface occurs due to the lack of effective accretion mechanisms (Nyman et al. 
2006). Also, reduced flooding can lead to marsh subsidence as a result of increased soil 
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oxidation and accelerated decomposition rates (Delaune et al. 1981). Based on these 
findings, Mousam may be experiencing subsidence on the landward side of the berm due 
to a combination of factors including decreased sediment input, decreased plant 
productivity, and increased decomposition. 
In riverine systems, the berm may trap terrigenous sediments, or materials which 
erode from the terrestrial border. Erosion of the upland occurs if the rate of rainfall 
exceeds the soil infiltration rate and the resulting sheet flow mobilizes detritus and soil 
particles in the down-slope direction (Mwamba and Torres 2002). Erosion patterns have 
been studied in Elkhorn Slough Watershed, California, by Byrd and Kelly (2006) where 
"sediment fans" have eroded into the tidal marsh changing the elevation, soil chemistry, 
and plant composition. 
Previous research used predictive models to demonstrate that terrigenous 
sediment inputs to estuaries are higher where the primary upland land use is agricultural, 
urban, or suburban (Howarth et al. 1991). Furthermore, agricultural fields export greater 
amounts of organic carbon than any other land use practice (i.e., suburban, urban, forest, 
or open field; Howarth et al. 1991). At both riverine sites, the upland landscape was 
historically used for agriculture before being converted to residential developments. 
Currently, the two riverine sites are primarily surrounded by sloping, open fields with 
residential homes lining the neighboring hills. Thus, it is possible that the higher 
elevation landward of the berm is the result of -100 years of terrigenous sediments 
eroding from the adjacent agricultural slopes and accumulating behind the berm. 
In contrast, the backbarrier berms are not immediately surrounded by steep 
sloping uplands. The Mousam and Drakes Island sites are both bordered by more gradual 
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slopes. Drakes Island also has a history of agriculture, but the terrestrial area has slowly 
transformed into secondary forest over time. Additionally, neither of the backbarrier 
berms is within the same proximity to the upland slope as the riverine berms, so any 
terrestrial erosion would be more widely distributed. Given these different parameters, 
the terrigenous sediments would be less likely to accumulate behind the berm at the 
backbarrier sites. 
Surface Water Salinity -
As seen in other studies, the data from the salinity loggers showed that spring tide 
flooding resulted in higher surface water salinity levels than neap tide flooding 
(Vorosmarty and Loder 1994). This trend was apparent at Crommet, Cocheco, and 
Mousam. The only sites where precipitation seemed to impact salinity levels were 
Cocheco, following persistent rain in June, and Mousam, following a large storm event in 
July. The delay between the date of the rainfall events and the impact on salinity levels is 
consistent with surface water salinity data from previous research (Burdick et al. 1993). 
At Cocheco and Mousam, the precipitation appeared to have a greater effect on the 
landward side of the berm. After the rainfall events, the salinity declined rapidly 
landward of the berm remaining lower than the seaward side. During dry periods at the 
two riverine sites, Cocheco and Crommet, the surface water salinity in the landward 
pools gradually increased. However, at the two backbarrier sites, the salinity on the 
landward side did not increase in concentration during the data logging period. 
Where the tide did not flood the landward side of the berm, like at Crommet, the 
increase in salinity levels in the standing pool is best explained by evaporation. An 
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increase in salinity by evaporation is consistent with pool conditions examined in the 
literature where infrequently flooded standing water becomes hypersaline over time 
(Johnston et al. 2003). At Cocheco, the increased salinity landward of the berm follows 
the same trajectory as the seaward side, and therefore, is better explained by high saline 
influx during the spring flooding (Vorosmarty and Loder 1994). 
The two backbarrier sites did not show the same increase in surface water salinity 
on the landward side of the berm. Instead, the landward salinity was lower than the 
seaward side, on average. Reduced salinity levels have been well-documented in tidally 
restricted marshes (Anisfeld and Benoit 1997, Konisky et al. 2006). Thus, the decreased 
salinity on the landward side may be an indication that the backbarrier berms are 
restricting the tides enough to cause changes in surface water salinity. 
Pore Water — 
Pore water salinity, taken from saturated interstitial soil pores, varied across the 
temporal and spatial scales of the study. The temporal variability in pore water salinity 
corresponded to fluctuations in tidal range governed by the lunar cycle (i.e., spring versus 
neap tide). Consistent with surface water salinity and previous research, the pore water 
salinity was higher following a spring tide than a neap tide (Vorosmarty and Loder 1994). 
The correlation between the lunar cycle and salinity levels was apparent at all four sites 
and showed no interaction effect with plot location. Although the tidal prism is reduced 
landward of the berm, the relative change in pore water salinity with the spring tide is 
preserved. 
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The spatial variation in pore water salinity among sites was best explained by 
location within the estuary or marsh. The site furthest inland, Cocheco River, showed the 
lowest salinity levels, whereas, the site on Mousam River had the highest pore water 
salinity and was in closest proximity to the estuary inlet. Even though Crommet Creek 
was located within the same estuary as Cocheco, Crommet was in more immediate 
contact with the saline tide, which resulted in higher pore water salinity. The berm site at 
Drakes Island was set back from the creek edge further than at any other site and had 
salinity levels comparable to Crommet but significantly lower than Mousam. 
Sulfide concentration did not follow the same temporal and spatial patterns as 
pore water salinity with no differences between tides or sites. However, salinity and 
sulfide concentration did follow similar patterns between berm plots such that both 
physical gradients showed a wider range of variation at the berm than in the reference 
area. The rate of change in the gradients corresponded to rate of change in elevation. At 
the reference site, the elevation change is gradual and flooding frequency does not vary 
greatly across the reference plots. Subsequently, the salinity and sulfide gradients follow 
a gradual change across the reference plots. In contrast, the berm presents a much steeper 
elevation change resulting in less frequent flooding, better drained soils, lower salinity 
levels, and almost no sulfide accumulation. Soil desiccation promotes increased aerobic 
respiration which decreases the rate of dissimilatory sulfate reduction (Howarth and Teal 
1979). 
Although the pore water conditions differed significantly on the berm from the 
surrounding marsh, the 1-meter seaward and landward plots were not significantly 
different. Because the landward area did not conform to the original proposal that 
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terrestrial run-off and reduced saline flooding would lead to a freshwater environment on 
the landward side of the berm, the third hypothesis is rejected. However, the site-by-site 
analyses did show marginal differences in sulfide and salinity concentrations between the 
seaward and landward marsh plots. Crommet showed elevated levels of salinity on the 
landward side. At Cocheco, sulfide concentration was higher landward of the berm, but 
the Drakes site had higher sulfide on the seaward side. These findings suggest that the 
impact of the berm on pore water dynamics is site-specific. The unique flooding regime 
and marsh topography are likely the primary factors influencing the pore water 
differences among the sites. 
Soil Texture -
The four tidal marshes were comparable in three of the four soil properties. The 
only soil composition measure which differed significantly by site was Sand: Silt+Clay 
Ratio. The soil cores taken from the backbarrier sites, Drakes and Mousam, contained a 
greater percentage of large grain sediments than the riverine sites, Cocheco and 
Crommet. The backbarrier sites had nearby sandy beaches providing a continuous supply 
of course grain sediments, which shift with the tide and relocate throughout the estuary. 
These findings are consistent with the research completed by Redfield (1972), which 
proposed that coarse grain (e.g., sand) and fine particles (e.g., silt and clay) are both 
mobilized by the tidal influence, but coarser sediments are deposited closer to the tidal 
inlet while fine sediments stay in suspension longer and accumulate in the marshes 
further upstream. 
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While Sand: Silt + Clay Ratio was the only variable with a significant site effect, 
bulk density, percent organic matter, and percent soil moisture demonstrated significant 
soil depth (0-5 cm versus 10-15 cm) by plot interaction effects. The effect of soil depth 
changed based on the location of the plot on the berm. There was no difference in bulk 
density, organic matter, or moisture content between the two soil depths within the 
seaward and landward 1-meter plots. However, the plots located 20 cm up the berm 
slopes showed significant differences between the top 0-5 cm and bottom 10-15 cm 
sections of the soil cores. Additionally, on the berm the 10-15 cm depth was not only 
significantly different from the top 0-5 cm section, but also differed significantly from the 
marsh plots surrounding the berm. 
The difference in stratification of the soil composition on the berm versus in the 
reference is similar to the trends discovered by Portnoy and Giblin (1997) when they 
compared the soil conditions of a dike-drained site (similar to the well-drained berm 
soils) and a natural site (similar to the reference soils). Their data also show that the dike-
drained site had higher percent organic matter and percent moisture content within the 
top 0-10 cm of the soil core than the 10-50 cm depth (Portnoy and Giblin 1997). In 
addition, the dike-drained site had lower bulk density within 0-10 cm than the remaining 
40 cm of the core (Portnoy and Giblin 1997). Alternatively, the natural site showed very 
little change in organic matter, moisture content, or bulk density within the top 50 cm of 
the core. 
The two soil sections of the soil core were averaged together for the analysis 
comparing soil texture by plot within and between the berm and reference areas. Bulk 
density was significantly higher on the berm than beside the berm or in the reference 
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area. Soil moisture content was significantly lower on the berm than the other plots, and 
the organic matter followed suit with lower percentages on the berm than in the other 
berm or reference plots. Based on these overall results, the fourth hypothesis is accepted. 
The bulk density was greater on the berm with reduced organic matter and soil moisture 
in comparison to the surrounding marsh plots, and the 1-meter-seaward and landward 
marsh plots did not differ significantly from the reference plots. 
The soil analyses provide evidence which suggests that the berm soils have 
undergone significant compaction and decomposition relative to the surrounding marsh. 
Approximately 90% of organic sediment is composed of void space and water (Mudd et 
al. 2009), which allows organic sediment to be easily compacted when drained. The 
concurrent loss of live root zones in the compacted soils leads to loss of soil moisture and 
further compression (Delaune et al. 1994). Also, the decreased organic matter and 
increased bulk density can be attributed to increased aerobic decomposition (Portnoy and 
Giblin 1997). Research shows that aerobic decomposition is considerably faster at 
breaking down organic compounds leaving behind higher concentrations of inorganic 
sediments (Delaune et al. 1981). The higher concentration of organic content and soil 
moisture within the top 0-5 cm represents the plant litter and root zone on the berm, 
which store carbon and hold moisture. 
By comparing the soil data from the berm area to the reference area, it is clear that 
the bulk density, soil moisture, and organic matter measurements taken from the marsh 
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plots beside the berm are comparable to the soil conditions at the reference area. 
Moreover, the percent organic matter found in the marsh plots surrounding the berm 
adhere to the conditions documented in previous research (Portnoy and Giblin 1997). 
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Portnoy and Giblin (1997) found that the soils of natural, undisturbed marshes are 
composed of 50-70% organic matter. In addition, the lack of stratification within the top 
15 cm of salt marsh soils is also common. Depending on the age of the marsh, the 
accumulation of peat overtime can reach cumulative depths of several feet (Redfield 
1972). 
Although the aforementioned soil characteristics provide the overall trends when 
analyzing the four sites together, comparing the berm marsh plots on a site-by-site basis 
yields somewhat different results. Cocheco and Drakes Island showed no significant 
differences between the seaward and landward 1-meter plots, but Crommet and Mousam 
had distinct soil texture composites between the landward and seaward plots surrounding 
the berm. Crommet exhibited higher organic matter and soil moisture in the landward 
plots than in the seaward plots. In contrast, Mousam contained higher organic matter and 
soil moisture in the seaward plots and higher bulk density in the landward plots. 
The differences in soil bulk density, organic matter, and moisture between the 
seaward and landward 1-meter plots may reflect variation in flooding frequency, which 
would influence the sediment supply, accretion via vegetation growth, and decomposition 
with a site. Studies show that where flooding is limited due to tidal restrictions, 
subsidence can occur from reduced sediment supply (Portnoy 1999). Where sediment 
input is interrupted, the accumulation of organic matter acts as the primary mechanism 
controlling vertical accretion (Nyman et al. 2006). Where plant growth is compensating 
for losses in elevation, the accumulating organic matter would contribute to a larger 
proportion of the soil texture composite (Delaune et al. 1994, Nyman et al. 2006). 
However, if vegetation growth does not adequately compensate for the subsiding 
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elevation, pools can form during rare flooding events causing increased plant mortality 
and root collapse, which further exacerbates the subsidence of the marsh surface 
(Delaune et al. 1994, Portnoy 1999). Throughout this sequence of events, the soils remain 
saturated even though flooding is restricted. 
At Crommet Creek, the increased organic matter and soil moisture on the 
landward side of the berm may be an example of a tidally-restricted marsh with saturated, 
waterlogged soils. The presence of the berm and high landward elevation seems to 
restrict landward tidal flooding. If the supply of marine sediments is also reduced due to 
restricted flooding, maintenance of the marsh elevation via vegetation growth may 
explain the high percentage of organic matter landward of the berm (Nyman et al. 2006). 
In addition, the mobilization of terrigenous organic sediments and plant litter from the 
upland during storm events (Cifuentes 1991) could increase the organic content within 
the marsh landward of the berm. Finally, the pools located landward of the berm may be 
a result of poor drainage. The anaerobic conditions of the landward pools would slow 
decomposition and further promote the build-up of organic matter. 
In drained scenarios where the tidally restricted marsh surface experiences soil 
desiccation, decomposition of organic matter can increase dramatically resulting in 
subsidence (Delaune et al. 1981). Mousam River resembles a site where the decreased 
tidal flooding has led to better drained soils and increased decomposition on the landward 
side of the berm. The acceleration in decomposition by aerobic microbes would deplete 
the amount of organic matter in the soil. Also, due to the decomposition, the proportion 
of inorganic sediments would be greater on the landward side resulting in higher bulk 
density (Portnoy and Giblin 1997). The increase in decomposition would also explain the 
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subsidence of the landward marsh elevation since decomposition eventually leads to the 
deterioration of the peat layer in the soil, or peat collapse (Delaune et al. 1994). 
The results from the Cocheco and Drakes Island marshes are less conclusive and 
do not fit as neatly into the two common categories of tidally restricted marshes (i.e., 
drained versus saturated; Anisfeld and Benoit 1997, Portnoy and Giblin 1997). The 
Cocheco River berm does not seem to impact the sediment supply or organic matter 
accumulation on the landward side as it shows no differences between the seaward and 
landward 1-meter plots. Likewise, the results from Drakes Island show no significant 
differences on the seaward versus landward marsh plots. 
In conclusion, when the four sites are analyzed together, the results indicate that 
the marsh areas seaward and landward of the berm are comparable to the reference area 
in terms of physical conditions. However, when each berm site is taken separately, the 
subtleties in the pore water and soil texture results are more pronounced. The impact of 
the berm varies by site and seems to depend on the extent of the tidal restriction, marsh 
topography, and placement in the estuary. 
Plant Community Variables & Interactions: 
The results from the plant community analyses (plant category comparison, PCA, 
ANOSIM, and SIMPER) show distinctions in the plant assemblages among the berm 
plots and between the reference and berm areas. There was a significant change in plant 
composition and abundance along the berm transects such that the communities differed 
not only between the low and high elevations, but also between the landward and 
seaward zones. Moreover, the reference and berm plant communities showed significant 
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differences. The reference plots that corresponded in high marsh location with the 
landward berm plots differed significantly, but the seaward zones did not differ greatly. 
Thus, the data confirm two components of the fifth hypothesis: 1) the berm will support a 
transitional edge plant community; 2) the seaward plant community will not differ from 
the reference plant community. The third component, which proposed that the landward 
side of the berm would promote plant species with lower salt tolerance, is rejected since 
the landward plant community varied considerably among the four sites. 
Berm Slope Plant Community -
The preliminary analysis provided by the comparison of abundance across five 
plant categories indicates that the slope and peak of the berm are characterized by a 
different plant community type than the surrounding marsh. The shift in physical factors 
along the berm elevation gradient results in a significant change in the plant community. 
The change in species composition from the marsh platform to the berm slopes and peak 
resembles the same compositional change seen within the transition zone from marsh to 
upland edge. A transition zone exists where the plant community shows continuous 
variation along a change in physical gradients (e.g., inundation duration, elevation, etc.; 
Pennings and Callaway 1992). Transitional zones can serve as a buffer for nutrients 
(Bertness et al. 2002), an area of heightened diversity (Traut 2005), and an important 
habitat for rare species (James and Zedler 2000). However, more research is necessary to 
determine whether berms fulfill any of these functional roles. 
The findings from the PCA, ANOSIM, and SIMPER analyses all consistently 
show the difference in plant composition between the berm plots (s-slope, peak, and 1-
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slope) and the surrounding marsh plots. In the PCA, the berm plots are characterized by 
the absence of Spartina patens and Spartina alterniflora whereas the seaward and 
reference plots are better defined by high percentages of S. patens and S. alterniflora. The 
ANOSIM results show the highest R statistics (i.e., greatest difference) where the plant 
species found in the berm slope and peak plots are compared with the species identified 
in the seaward and landward marsh plots. The SIMPER results clarify the species which 
contribute the most to the dissimilarity between the berm and the surrounding marsh: S. 
patens (which dominates the marsh plots), Solidago sempervirens (more prevalent on the 
seaward berm slopes), Toxicodendron radicans (most common on the landward berm 
slopes), and Myrica gale (found mainly on the peak). 
By comparing the plant species common across the berm transects, the tolerance 
variation corresponds to the change in physical gradients. The species surrounding the 
berm can withstand higher saline and flooding stress than the species found on the berm. 
For example, S. patens has the highest salt tolerance level and dominates the seaward and 
reference zones (USDA 2010). Species on the berm slopes, such as T. radicans and M. 
gale, cannot withstand regular saline flooding (USDA 2010). Thus, the results confirm 
previous research which asserts that physical factors play a critical role in governing the 
abundance and distribution of salt marsh plants (Baldwin and Mendelssohn 1998, Hacker 
and Bertness 1999, Howard and Mendelssohn 1999, La Peyre et al. 2001, Crain et al. 
2004, van Wesenbeeck et al. 2007). 
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Landward Plant Community — 
The plant category comparison shows greater plant diversity on the landward side 
of the berm than the seaward side (i.e., increased abundances of meso-halophytes and 
freshwater species) suggesting that the landward area had a wider range of physical 
conditions across the sites. These findings are similar to previous research which showed 
that diking salt marsh systems can transform salt marsh plant communities to upland 
and/or brackish communities (Roman et al. 1984). The alteration to the flooding regime 
results in changes to the biogeochemistry of the soils (Portnoy 1999, Smith et al. 2009), 
which subsequently influences the interspecific interactions (e.g, competition and 
facilitation) of the plant species causing noticeable changes to the plant composition and 
abundance (Bertness 1991a, Pennings and Callaway 1992, Bertness and Shumway 1993, 
Levine et al. 1998, Costa et al. 2003). 
While the PCA analysis provided a basic indication that the marsh landward of 
the berm differed in plant composition from the seaward and reference marsh, the 
ANOSIM results confirmed that the communities were significantly different. 
Furthermore, the SIMPER results provided a summary of the plants species which 
participated in the distinction between the landward marsh community and the reference 
or seaward groups. The abundance of S. patens contributed the most to the dissimilarity 
between the reference plots and the plots landward of the berm. The second major 
contributor to the dissimilarity was a greater percentage of bare sediment within the 
landward marsh plots. Similarly, S. patens and bare sediment contributed greatly to the 
distinction between the seaward and landward zones surrounding the berm. Since bare 
sediment provides a general proxy for pools of water, the results reveal that the landward 
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side of the berm is comprised of more standing water than seaward of the berm or the 
corresponding "landward" reference plots. 
As described earlier, there are several possible explanations for pools to develop 
on the landward side of the berm, and the reasons differentiate depending on the extent of 
the tidal restriction, sediment supply, and decomposition rate (Redfield 1972, Delaune et 
al. 1981). The change in biological structure from vegetated perennials to bare sediment 
and standing water may have significant ramifications for the stability and function of the 
marsh system. Some studies suggest that where salt marsh pools have developed as a 
result of reduced sediment supply and/or inadequate plant production, the marsh surface 
will not adjust to rising sea level at the critical rate needed to avoid submergence (Nyman 
et al. 1993, Bryant and Chabreck 1998). Alternatively, another study showed that low-
lying pools increased in elevation with increasing inundation because the lateral transport 
of sediments was more effective in unvegetated areas (Erwin et al. 2006). The final 
outcome will be a function of the rate of sea level rise, the elevation of the pools, and the 
accretion efficacy - either through inorganic sedimentation or accumulation of organic 
matter (Nyman et al. 1993, Cahoon 1994, Moorhead and Brinson 1995, Muto and Steel 
1997, Anisfeld et al. 1999, Nyman et al. 2006). 
Community Measures and Correlations — 
The ANOVA results comparing plant species richness, evenness, and diversity 
confirm differences in plant community structure between several of the berm and 
reference zones. The highest species richness, evenness, and diversity occurred on the 
seaward and landward slopes of the berm. However, unlike richness and diversity, 
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evenness did not change significantly with berm elevation. Richness and diversity were 
comparable across the seaward and landward zones surrounding the berm and the 
reference plots, but there was a general trend towards higher richness and diversity in the 
landward zone of the bermed area. The results for species evenness only showed one 
significant relationship among the reference and berm plots (between reference s-slope 
and reference 1-slope) indicating a general uniformity of species along the survey 
transects. 
The results from the correlation analyses provide some insight regarding which of 
the physical gradients were the most influential in shaping the plant communities found 
in the study. Pearson Correlations showed that salinity and sulfide concentration are 
negatively correlated with richness and diversity. Alternatively, the higher bulk density of 
the berm slopes favored greater richness and diversity. The increased diversity on the 
berm slopes is consistent with the ecological theories which suggest that productivity and 
diversity are positively correlated to resource availability (e.g., availability of nitrogen; 
Tilman 1988, Abrams 1995). The stressful salinity and sulfide gradients decrease with 
increasing elevation allowing plants to more readily access nitrogen and other essential 
nutrients on the berm slope (Koch 1990, Howard and Mendelssohn 1999). Also, the 
change in physical gradients provides a heterogeneous habitat which supports different 
species with varying resource requirements (Simberloff and Abele 1976, Rosenzweig and 
Abramskyl993). 
Alternatively, physiological limitations to the gradient extremes (e.g., high 
salinity and flooding at the base of the berm) keeps diversity low at the marsh elevation 
(Connell 1961). The high rate of disturbance (i.e., flooding stress) from regular tidal 
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flooding prevents the establishment of non-flood and non-salt tolerant plant species in the 
lower marsh elevations. Where disturbance frequency is reduced at the higher elevations 
of the berm, the plant diversity is significantly higher. On the berm slope, species 
competition, or the negative effect that one species has on another species' fitness 
through nutrient access limitations or consumption of other resources (Keddy 1989), 
assumes greater importance in driving the distribution and abundance of the diverse plant 
community. Finally, diversity is reduced on the peak of the berm where superior 
competitors dominate (mainly terrestrial species) reducing the light availability for 
competing neighbors. 
The diversity patterns in the results are consistent with the Intermediate 
Disturbance Hypothesis (Connell 1977). The Intermediate Disturbance Hypothesis 
predicts that diversity is low in habitats with high disturbance rates because the 
community includes only those species physiologically adapted to regular physical stress. 
Within intermediate disturbance rates, the diversity is highest because the community 
consists of a variety of stress tolerant species and effective competitor species. In 
environments with very low rates of disturbance, diversity is driven down by the superior 
competitors that dominate the community. The physiological justification for the 
Intermediate Disturbance Hypothesis is supported through research conducted by Tilman 
(1994), who proposed that physiological adaptations to stressful environments have a 
competition trade-off such that stress-tolerators are inferior competitors. The stress-
tolerators are out-competed from more physically benign conditions by superior 
competitors with more efficient uptake of resources (Grime 1977). 
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In this case, the poly-halophyte species (e.g., S. patens and Juncus gerardii) are 
able to withstand the harsh physical environment of the salt marsh due to physiological 
adaptations to saltwater including osmotic adjustment compounds (e.g., proline, glycine 
betaine, and sugars), ion exclusion at the roots, and ion secretion in the leaves (Hester et 
al. 2001). In contrast, the berm species (e.g., S. sempervirens, S. pectinata, and F. rubra) 
are better competitors, due to more efficient uptake of resources, but lack the 
physiological adaptations to survive the regularly flooded, saline marsh (Grime 1977). 
The interspecific interactions governing plant community dynamics within a bermed tidal 
marsh are further explored in Chapter 4. 
Summary 
In conclusion, the presence of a berm affects the biological and physical structure 
of the landward area, but does not seem to impact the marsh seaward of the barrier. Of 
the five original hypotheses, three are confirmed and one is rejected when analyzing all 
four sites together. However, site variation led to localized effects that were not 
consistent. 
The berm consistently restricted the tidal range within the landward section of the 
marsh. Therefore, the first hypothesis regarding the restricted hydroperiod was 
confirmed. 
The modification of the tidal regime seems to have altered the elevation 
maintenance mechanisms within the marsh resulting in subsidence of the landward marsh 
surface at several of the sites. Poor drainage coupled with subsidence would explain the 
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pools of standing water and diminished vegetation growth landward of the berm. 
However, there is a possibility that some pools may be remnant borrow pits where soil 
was removed during the construction of the berm. Therefore, the second hypothesis, 
which states that berms impede marsh drainage, is neither confirmed nor rejected. 
The third hypothesis was rejected as an overarching rule for all berms because 
when all four sites were analyzed together, there was no difference in salinity or sulfide 
concentration between the seaward and landward marsh plots. However, there was 
considerable variation and noteworthy trends among the sites. At Crommet and Cocheco, 
salinity and sulfide, respectively, were higher on the landward side, opposing the original 
hypothesis. However, at Drakes, sulfide concentration was higher on the seaward marsh 
plot, which conformed to the stated hypothesis. Therefore, soil chemistry responses were 
inconsistent and berms should be examined individually when identifying the impact of a 
berm on pore water gradients. 
Based on the data from all four sites, the fourth hypothesis regarding soil texture 
was accepted: the berm soils were significantly different from the surrounding marsh 
soils and from the reference area soils, and the marsh soils did not vary greatly between 
the seaward and landward marsh plots. However, when each site was taken separately, 
two of the sites showed significant differences in soil texture between the landward and 
seaward sides of the berm. Differences in organic matter, soil moisture, and bulk density 
reflected similar findings from other studies investigating the impacts of large-scale dikes 
oriented perpendicular to the river or creek (Portnoy and Giblin 1997). Crommet 
resembled a diked-saturated marsh but Mousam was better explained by the dike-drained 
scenario, and as a result, the berm effects on soil characteristics were also site-specific. 
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Lastly, some but not all of the points associated with the fifth hypothesis were 
supported by the data. The berm did promote a transitional-edge community type in the 
marsh interior, the seaward plant community did resemble the reference area, and the 
landward plant community was composed of greater diversity as a result of increased 
variability in the landward physical conditions. However, the landward plots were not 
dominated by species with lower salt tolerance. 
Furthermore, the descriptive study provided additional findings which were not 
included in the original hypotheses. First, the results from the data loggers indicated that 
the landward flooding frequency and surface water salinity depends on the tidal cycle 
(spring versus neap). Second, soil texture characteristics varied by depth within the berm 
but not in the surrounding marsh. Third, the changes to the physical conditions were 
correlated to variation in plant species richness and diversity. However, more research is 
needed to better explain the correlations between physical properties and plant 
community measures, and to determine if community changes have translated into 
differences in primary productivity and/or ecosystem support (i.e., trophic interactions) 
landward of the berm. 
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CHAPTER 4 
BIOLOGICAL INTERACTIONS IN A NORTHERN NEW 
ENGLAND TIDAL MARSH: A RECIPROCAL 
TRANSPLANT EXPERIMENT 
Introduction 
Originally, ecologists surmised that several key physical gradients dictated the 
conspicuous plant zonation present in tidal salt marshes (Adams 1963, Niering and 
Warren 1980). The primary environmental factors considered important to the 
distribution of halophyte species include hydroperiod, the frequency and duration of tidal 
flooding (Chapman 1940, Redfield 1972), nutrient availability (Adams 1963, Valiela and 
Teal 1974), salinity (Howard and Mendelssohn 1999), soil redox potential (Mendelssohn 
et al. 1981, Howes et al. 1986), soil pH (Adams 1963), and soil drainage (King et al. 
1982). However, studies now show that the distribution of salt marsh perennials is not 
only controlled by variation in salinity and flooding tolerance, but also competition 
between the plant species (Bertness and Ellison 1987, Bertness 1991a, Ewanchuk and 
Bertness 2004b). 
For example, Spartina alterniflora, a dominant species of low marshes in New 
England, is capable of growing near the creek edge but competition prevents S. 
alterniflora from expanding into the high marsh (Bertness and Ellison 1987). 
Competition is defined as the negative interspecific interaction where the fitness of one 
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species increases at the expense of another species (Keddy 1989). Superior competitors 
like Spartina patens exclude S. alterniflora from the zones thought to be less stressful 
(Bertness and Ellison 1987). In contrast, S. alterniflora can tolerate anoxic soils of the 
creek edge, where S. patens is physiologically restricted, through more efficient root 
oxygenation (Bertness 1991b). Thus, S. alterniflora is limited to the low marsh where it 
has an advantage in stress tolerance over S. patens and is competitively displaced from 
the high marsh due to competitive subordination. 
Figure 27: Modified diagram of zonation patterns in New England marshes from Emery 
etal. (2001). 
The competitive relationship between S. alterniflora and S. patens is common 
among salt marsh plant species (Figure 27; Emery et al. 2001).The upper limits for each 
species are determined primarily by competitive exclusion while the lower limits are set 
primarily by physiological adaptation to abiotic stress caused by inundation (Emery et al. 
2001). Further research suggests that, at the species level, the role of competition shifts 
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depending on the physical stress of the environment (La Peyre et al. 2001). In harsh 
environments, the role of competition is suppressed, but when physical stresses are 
removed, competition is more influential in determining species abundances (Bertness 
1991a, b). 
The variation in competitive ability among plant species is determined by 
differences in life strategy, or how a species utilizes resources and responds to stress 
(Grime 1977). Better competitors (e.g., S. patens) tend to have more rapid changes in 
root: shoot ratio, leaf area, and root surface area. These morphological advantages help 
the species maintain a high rate of nutrient and water uptake. However, because 
competitors expend their resources quickly, their reproductive success is lower in 
environments with continual or pulsed physical stress. In contrast, stress tolerant species 
(e.g., S. alterniflora) process morphological changes slower in an effort to conserve 
resources for long periods of time. The conservation of energy sustains the stress tolerant 
species in harsh conditions but the constraint on resource uptake reduces its competitive 
ability when the physical environment is more benign (Grime 1977). 
In addition to competition, salt marsh plant communities are regulated by several 
other biological interactions, including predation. Predation is a local-scale process 
whereby one species, the predator, consumes another, the prey, which results in a direct 
negative effect on the fitness of the prey species (Menge and Olson 1990). For example, 
the fish species, Fundulus heteroclitus, consumes snails and amphipods in New England 
marshes providing top-down regulation of two invertebrate species populations (Vince et 
al. 1976). The role of predation, or herbivory, in regulating plant community dynamics in 
New England tidal marshes has also been studied in crabs (Bertness et al. 2009), small 
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mammals (Crain 2008, Gedan et al. 2009a), and insects (Bertness and Shumway 1992, 
Rand 1999, 2003, Sala et al. 2008). 
Although herbivory is acknowledged as present and significant in tidal marshes, 
how the role of herbivory changes across varying physical and competitive stress 
conditions is still relatively uncertain. Ecologists remain entangled in the ongoing debate 
concerning whether resource availability (i.e., bottom-up control) or herbivory (i.e., top-
down control) is more influential in determining salt marsh structure (Valiela et al. 2004). 
Originally, ecologists proposed that population control for plant species depended 
primarily on resource availability (Hairston et al. 1960). However, more recently, Menge 
and Sutherland (1987) claimed that the relative importance of bottom-up or top-down 
control depends on the level of environmental stress. 
The model purported by Menge and Sutherland (1987) asserts that under 
extremely high environmental stress, the rate of disturbance is the main contributing 
factor controlling community structure. When the physical stress is intermediate, plant 
species abundance is regulated primarily by competition for resources. In benign 
environments with low physical stress, predation has the greatest relative importance in 
determining population dynamics. For example, eutrophication of a tidal system in Rhode 
Island caused a reduction in the physical stress of the environment increasing the relative 
importance of top-down control by herbivorous grasshoppers on a perennial halophyte 
(Sala et al. 2008). 
Menge and Olson (1990) further developed the theories proposed in 1987 and 
considered different scenarios for consumer stressed environments and prey stressed 
environments (Figure 28). Consumer stressed models (CSMs) apply where environmental 
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stress inhibits the success of the consumer more than the prey. Conversely, prey stressed 
models (PSMs) predict changes in species performance when the environmental stress 
targets the prey more than the predator. Under the CSM scenario, even though the harsh 
conditions limit prey productivity, the physical stress also excludes predators providing a 
refuge for the prey (Figure 28a). A prey refuge, as applied by Rosenzweig and 
Mac Arthur (1963), is defined as any ecological or physiological advantage which 
protects the prey from predation. Alternatively, in PSM scenarios, the relative effect of 
predation increases with increasing physical stress such that the cumulative effect of 
predation and stress result in the greatest reduction in prey performance (Figure 28b). 
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Figure 28: Alternative predictive models for consumer 
stress models (a) and prey stress models (b) as 
proposed by Menge and Olson (1990). 
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In conclusion, the conspicuous patterning found in the plant community structure 
of New England tidal marshes is a function of many important factors including abiotic 
stress, competition, and herbivory. The abiotic gradients provide structural variation 
within which plants with varying tolerance levels can be distributed. Additionally, the 
local-scale processes of competition and herbivory define the zonation boundaries of 
each species in the marsh. Since these biological interactions are constantly changing as a 
result of modifications to the environment by natural or anthropogenic cycles and 
disturbances, the composition of the marsh biota continually fluctuates overtime (Niering 
and Warren 1980). 
Study Rationale & Hypotheses: 
After the completion of the 2009 descriptive study that examined the effect of 
historic earthen barriers, or berms, on tidal marsh structure, research questions were 
proposed investigating the differences in biological interactions occurring on the 
landward and seaward sides of the berm. Where the berm has interfered with tidal 
flooding, distinct differences in pore water and soil texture exist (see Chapter 3). In some 
cases, the altered hydrologic regime has resulted in pooled standing water in the landward 
marsh area. In particular, large pools have formed landward of the berm at Crommet 
Creek in Durham, New Hampshire. These pools seem to influence the plant composition 
such that the marsh landward of the berm supports a different assemblage of plant species 
compared to the seaward area. In order to examine the effect of the altered physical 
conditions on competition factors in the marsh, a field experiment was designed to assess 
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the success of two native, graminoid halophytes within the landward and seaward zones 
of the Crommet Creek marsh. 
Based on the results from the 2009 vegetation surveys, Spartina patens (Aiton) 
Muhl. (salt hay) dominates the plant community seaward of the berm (Figure 29), 
however, S. patens is greatly reduced on the landward side of the berm. The landward 
community is also comprised of pools, which are mostly unvegetated except for the 
common occurrence of Schoenoplectus (formally Scirpus) maritimus (L.) Lye (alkali 
bulrush). In contrast, S. maritimus is prevalent landward of the berm, but is not found 
seaward of the berm (Figure 29). 
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Figure 29: Variation in the average percent cover of two plant species along 
perpendicular berm transects (n = 8) at Crommet Creek; S = Seaward, L = 
Landward. 
In order to investigate why S. maritimus is only found on the landward side of the 
berm at Crommet Creek, a reciprocal transplant experiment was conducted with S. 
maritimus and S. patens. A competition component was included in the experiment to 
examine whether the composition of these two species is guided more by interspecific 
competition or physiological constraints. Based on earlier transplant studies conducted in 
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northern New England (Konisky and Burdick 2004, Peter and Burdick 2010), the impact 
of mammalian herbivory was considered negligible at Crommet Creek and was not 
accounted for in the original design of the experiment. 
The hypothesis stated that S. maritimus can grow in the seaward zone, but is out-
competed for resources from the seaward area by the superior competitor, S. patens. 
However, the development of pools landward of the berm produces conditions that are 
too stressful for S. patens, opening a niche for S. maritimus. Thus, S. maritimus grows on 
the landward side where a tolerance adaptation for pooled conditions provides an 
advantage over S. patens. 
112 
Methods 
In order to explore the impacts of the berm on the biological interactions in the 
bermed marsh on Crommet Creek, in Durham, New Hampshire, a manipulative field 
experiment was conducted. The objectives were as follows: 1) perform a reciprocal 
transplant experiment; 2) compare the physical conditions within the seaward and 
landward zones surrounding the berm. The two species included in the reciprocal 
transplant were Schoenoplectus maritimus and Spartina patens. Both species are 
prevalent at the Crommet Creek site where the experiment was conducted. 
Site Selection: 
At Crommet Creek, the physical structure differs between the landward and 
seaward zones (see Results, Chapter 3). Based on the preliminary results from the 
descriptive study, the landward area of the berm has marginally higher pore water salinity 
than the seaward side. Also, the soil texture behind the berm at Crommet was distinct 
from the seaward side; organic matter and moisture content were both significantly 
higher 1 meter landward of the berm than 1 meter seaward of the berm. The significant 
difference in soil conditions between the landward and seaward sides of the berm is 
reflected in the plant community assemblages. The results from the 2009 plant surveys 
revealed that the pool (open water) coverage was greater landward of the berm than 
seaward (Figure 30). The seaward side was dominated by S. patens while the landward 
area behind the berm was composed mainly of S. patens and S. maritimus (shown 
previously in Figure 29). Monocultures of S. maritimus were growing at the edges of 
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pools where S. patens was absent. For more information concerning the differences in 
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Figure 30: Overall 2009 trends at Crommet Creek; average (n = 8; ± 1 SE) percent cover of 
bare mud, dead plant material, and open water on the seaward (S-5m, S-3m, and S-lm) and 
landward (L-lm, L-3m, and L-5m) sides of the berm. 
Reciprocal Transplant Experiment: 
Because the landward and seaward areas of the berm have different plant 
communities, a reciprocal transplant experiment was conducted to better understand the 
competition interactions that exist on either side of the berm. The experiment started in 
May 2010 and involved transplanting two rhizomatous perennial species, S. maritimus 
and S. patens. S. maritimus dominates the landward side of the berm while S. patens 
dominates the seaward side. 
Between May 11 th and 12th, sixteen blocks of substrate (20 x 20 x 15 cm depth), 
including live rhizomes, were removed from monospecific stands of each species, 
totaling 32 plots. Eight plots of each species were randomly transplanted into a non-
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native zone where the plant was not currently growing (e.g., S. maritimus was moved to 
the seaward area), and eight plots of each species were randomly placed back in the 
native area as a control. In addition, a competition treatment (with and without) was 
randomly administered to the transplanted plots; there were 8 plots with neighboring 
plants and 8 plots without neighbors for each species. To remove neighboring 
competition, the aboveground biomass was clipped to ground level within a 10 cm radius, 
and plastic gardening barriers were inserted to prevent belowground competition. The 
without-competition treatment was maintained by clipping the biomass within the 10 cm 
radius every two weeks. A randomized combination of four plots, including 2 
competition and 2 species treatment levels, were grouped together within the two zones 
(landward and seaward). The plots were positioned within blocks such that a block 








































Figure 31: Diagram of the reciprocal transplant experiment including zone, species, competition 
and block formation. Bold squares indicate plots where competition was removed by inserting 
gardening barriers and clipping neighbors within a 10 cm radius. S.m. = Schoenoplectus 
maritimus, S.p. = Spartina patens. 
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Once the competition experiment was set-up, the height of five haphazardly 
selected stems was measured every two weeks. The five individuals were marked with a 
looped, cotton string and tag. In mid-September 2010, the percent cover by species was 
recorded for each plot using calibrated ocular estimates. After the percent cover was 
measured, the aboveground biomass (live and dead) of the respective experimental 
species was removed within 1 cm of the ground surface. Live (all plants with green 
coloration and/or intact leaves) and dead biomass were separated and rinsed of sediment 
and algae. Samples were dried in paper bags at 60°C for 72 hours. 
Physical Measurements: 
Several methods were incorporated to measure various pore water variables, the 
flooding regime, and surface water salinity. Pore water occurs within the interstitial pores 
of saturated soil. The sulfide concentration, redox potential, and salinity of the pore water 
was measured roughly every three weeks at each transplanted plot (N = 32). The 
approximate three week time-series for the pore water sampling ensured an equal number 
of spring and neap tide data collection; in total, three spring tides and three neap tides 
were sampled over the course of the summer. 
Pore water was extracted using a sipper (a perforated steel rod attached to a 
syringe) from the center of the plot. Salinity was measured using an optical refractometer. 
Redox potential was measured in the field using an oxidation redox potential (ORP) 
combination electrode and millivoltmeter. To arrive at Eh, redox readings were corrected 
to + 244 mV. Sulfide samples were fixed in the field using 2% Zinc Acetate solution and 
stored in a cold room (4°C) until processed (< 4 weeks stored time). The sulfide 
colorimetric analysis was performed using the method of Cline (1969). 
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Lastly, two types of data loggers were installed for a full lunar cycle. Two water 
level recorders (Odyssey 2m, Model Z412) along with two salinity data loggers (In-Situ 
Inc., Aqua TROLL 100) were deployed within the seaward and landward zones to record 
the flux in hydroperiod and surface water salinity. All of the data loggers were originally 
deployed simultaneously in August 2010, however, due to failed data collection, the 
water level recorders had to be reinstalled in the beginning of September 2010. 
In early September, the ground elevation was measured for the data loggers and 
transplanted plots relative to a temporary benchmark using rod and laser-level survey. 
The elevation of the temporary benchmark was corrected to the North American Vertical 
Datum (NAVD 1988; ± 2 cm) using a Trimble Real Time Kinematic (RTK) device. The 
elevations of the plots and data loggers were NAVD-referenced using the benchmarks. 
Data Calculations: 
For the reciprocal transplant experiment, species success was assessed in terms of 
maximum stem height, relative growth (defined below), and percent cover. Due to the 
early senescence of S. maritimus and the difficulty in determining live from dead after 
returning to the lab, live aboveground biomass results were not analyzed. Maximum stem 
height was calculated as the average maximum height reached by the five stems 
measured within a plot. The average was used to account for variability in the plot. 
Relative growth for the first two months (60 days) of the experiment was calculated using 
Equation 4. Because the experiment was confounded by unexpected herbivory on the S. 
maritimus species during the latter half of the summer, only the data from the first two 
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months of the experiment were used for the relative growth analysis. The average relative 
growth of the five selected stems within a plot was used for analysis. 
Equation 4: 
(Final stem height — Initial stem height) 
Relative Growth = Initial stem height 
The effect of herbivory was analyzed ad hoc as the average percent of stem death 
caused by herbivory. When stems were no longer viable for height measurements, the 
loss of the stem was notated as either "H" for herbivory (indicated by clipping) or "D" for 
dead (indicated by loss of color, dried texture, or broken stem tips). The percent death by 
herbivory within each two week period was calculated using Equation 5. The average 
percent death by herbivory was calculated by averaging the percentages for each two-
week period together (n = 3). 
Equation 5: 
/# of clipped stems\ 
Percent death by herbivory = ———— x 
V # of dead stems / 
100% 
Statistical Analysis: 
Analysis of Variance (ANOVA) tests were conducted to compare statistical 
differences in plant performance and physical variables among the treatments (a = 0.05). 
Each variable was examined for evenness of variance and tested for normality using a 
Shapiro-Wilk Test. No transformations were necessary for the physical variables. For the 
plant variables, relative growth was square-root transformed. Tukey post hoc tests were 
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included to control for Type I error among treatment groups. All statistical tests were 
generated using JMP 8. 
The seasonal pore water data (sulfide concentration, salinity, and redox pofential) 
were analyzed using a blocked split-plot ANOVA with the zone as the main effect and 
the sampling date as the subplot effect. For the seasonal pore water analyses, the grouped 
plots were averaged together (n = 4), so each zone had a sample size of four. Least 
significant difference (LSD) was calculated to show significant differences among 
sampling date and zone groups (a = 0.05). Pore water variables were also analyzed based 
on the overall summer averages using a blocked one-way ANOVA to compare 
differences between zones during the spring and neap tides. Plots were not averaged, but 
tide was averaged across the summer (n = 3 for spring and neap averages). 
Plant success (i.e., relative growth, percent cover, and maximum stem height) was 
also analyzed using blocked ANOVAs. Relative growth and percent cover were analyzed 
using blocked three-way split-plot ANOVAs ( 2 x 2 x 2 ) where zone (landward versus 
seaward) was the main effect while the competition (with versus without) and species (S. 
maritimus versus S. patens) treatments acted as the subplot effects. Because the two 
species included in the experiment have different determinant growth forms, maximum 
stem height was analyzed separately for each species using a blocked two-way split-plot 
ANOVA; zone was the main effect and competition was the subplot effect. 
As herbivory data were limited and did not conform to the normal distribution 
assumption necessary for parametric statistical tests, herbivory was analyzed using a non-
parametric two-sample rank test, or Mann-Whitney test (a = 0.05). 
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Results 
Reciprocal Transplant Experiment: 
Relative Growth Rate & Percent Cover: Plant performance was measured as 
the relative growth during the first two months of the experiment (May 27th through July 
22nd) and the percent cover by species measured in September. The results from the 
blocked split-plot factorial ANOVA ( 2 x 2 x 2 ) show a significant interaction effect 
between species and zone for relative growth and percent cover (Table 19). There were 
no significant effects associated with the block or competition treatment. The post hoc 
results indicate that S. maritimus did not differ significantly in relative growth between 
the landward and seaward zones within the first two months of the experiment (Figure 
32). However, by September, the percent cover of S. maritimus was significantly reduced 
on the seaward side. 
S. patens showed approximately ten times greater success in the seaward zone than 
in the landward zone in regards to relative growth and percent cover (Figures 32 and 33). 
The relative growth and percent cover of S. patens was significantly higher than S. 
maritimus in the seaward zone. Landward of the berm, the 2-month relative growth of S. 
maritimus and S. patens did not differ significantly (Figure 32). Although, at the end of 
the growing season on the landward side, the S. maritimus plots showed greater percent 
cover than the S. patens plots (Figure 33). 
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Table 19: Statistical results from the split-plot ANOVA (N = 32) examining 
the effect of species, zone, and competition on two graminoid halophytes. The 
two-month relative growth includes data from June and July 2010. The 
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Figure 32: Tukey post hoc results for relative 
growth for first two months (June & July). Average 
relative growth (n = 8; ± 1 SE). Columns sharing 
the same letters are not significantly different (a = 
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Figure 33: Tukey post hoc results for average 
percent cover measured in September (n = 8; ± 1 
SE). Columns sharing the same letters are not 
significantly different (a = 0.05). S.m. = 
Schoenoplectus maritimus, S.p. = Spartina patens. 
Maximum Stem Height: The results from the split-plot ANOVA testing the 
effects of zone and competition on maximum stem height show no significant 
relationships for S. maritimus, but significant zone and competition effects for S. patens 
(Figure 34). S. patens showed 20% greater stem height in the seaward zone. Conversely 
for S. maritimus, there was a non-significant trend towards 10% taller stems in the 
landward zone than in the seaward zone. Also, maximum stem heights appeared greater 
with competition (although not significant for S. maritimus). The competition effect was 












Competition effect: F = 4.871, p = 0.069 
Zone effect: F = 3.687, p = 0.151 










Competition effect: F = 6.678, p = 0.042 
Zone effect: F = 141.166, p = 0.001 
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Figure 34: Average maximum stem height for A) Schoenoplectus 
maritimus and B) Spartina patens, two halophyte species 
included in reciprocal transplant experiment comparing the 
effects of competition and zone location (n = 4; ± 1 SE). 
Herbivory: The results from the Mann-Whitney tests comparing differences in 
average percent death by herbivory between zones (landward versus seaward) were 
significant for S. maritimus (ni = n2 = 8, U = 56, p = 0.015). The average percent 
herbivory for S. maritimus in the seaward zone was 52% whereas the average percent 
herbivory on the landward side was 0%. All of the S. maritimus stems landward of the 
berm appeared dead by mid-September as a result of senescence and/or physical stress. 
The S. patens plots showed no evidence of herbivory in either zone throughout the 
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experiment; however, there was a 100% mortality rate in the landward zone for S. patens. 
On the seaward side, only 44% of the measured stems for S. patens were designated as 
dead as a result of physical stress, early senescence, or other unknown factors. Based on 
the Mann-Whitney results, the difference in mortality between the two zones for S. 
patens was significant (ni = 112 = 8, U= 52, p = 0.02). 
Physical Measurements: 
Seasonal trends: In general, the sulfides were quite high for a riverine tidal 
marsh (mean = 2.5 mM ± 0.3 SE). Salinity was also high (mean = 26.2 ppt ±1.3 SE) but 
still within the range of a polyhaline salt marsh (Sharpe and Baldwin 2009). The average 
redox potential for the summer was fairly low (mean = -65.4 mV ± 8.9 SE) indicating 
waterlogged soils. However, the pore water conditions for the two marsh zones (landward 
and seaward) showed significant change from June through the end of September (Figure 
35). At the start of the sampling period, the sulfide concentrations were high and redox 
potential was low. However, the sulfide concentration was greatly reduced by early 
August following the dry part of the summer. The redox potential on the landward side 
increased greatly during the dry period. After the heavy rainfall in August, redox 
potential decreased beyond the levels seen at the start of the sampling in June. In contrast, 
the salinity began at levels -16 ppt (half strength), then slowly increased over the 
summer on either side of the berm. During the particularly dry period, the salinity became 
significantly greater on the landward side surpassing the seaward salinity levels. The 
landward salinity remained high but was not significantly different from the seaward 
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Figure 35: Pore water conditions sampled over four months in the landward and 
seaward zones surrounding the berm at Crommet Creek. Bars represent least significant 
difference (LSD). Where LSD bars overlap, groups are not significantly different (v = 
47; a = 0.05; t = 2.01). Np = Neap tide sampling, Spr = Spring tide sampling. 
Precipitation data for Durham, NH provided by the National Climatic Data Center of 
the NOAA Satellite and Information Service (http://www.ncdc.noaa.gov/oa/ncdc.html). 
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Overall Summer Averages: Pore water was also analyzed with a three-way 
ANOVA where zone, competition, and species represented the three treatments; 
however, competition and species showed no significant effects. The one-way ANOVA 
results comparing pore water variables between zones were conducted separately for 
spring and neap tide (Table 20). Spring and neap pore water conditions were analyzed 
separately in an effort to isolate differences between zones during varying degrees of 
flooding stress. Sulfide was significantly higher on the landward side during neap tides 
(Figure 36A). Also during neap tides, redox potential was significantly lower landward of 
the berm (Figure 36B). The salinity was significantly higher within the landward zone 
irrespective of the tidal cycle (Figure 36C). Thus, during neap tides pore water stress was 
especially high in the marsh area landward of the berm in comparison to the seaward 
area. 
Table 20: One-way ANOVA results comparing pore water variables between 
































































Figure 36: Comparison of average sulfide concentration (A), 
redox potential (B), and salinity (C) between zones for 
spring and neap tides (n = 8; ± 1 SE) at Crommet Creek. 
Significant differences are shown in Table 20. 
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Surface Water Salinity and Temperature: The landward salinity data logger 
did not record salinities during two dry periods. Because the tide flooded the seaward 
data logger twice daily, data is available for the entire recording period. The general daily 
fluctuation in temperature was the same for the seaward and landward zones; however, 
the minimum daily temperatures were slightly higher on the landward side (Figure 37). 
Although the pore water results did not seem to respond to specific precipitation 
events over the summer, the surface water data show correlations with the amount of 
rainfall during the month of August (Figure 37). This precipitation effect, whereby tidal 
surface water salinity is reduced following a rainfall event, was also documented in 
Chapter 3 and has been seen in previous research (Burdick et al. 1993). The impact of the 
rainfall in decreasing the salinity levels was greater on the landward side. Due to the 
regular tidal influence on the seaward side, the surface water salinity seaward of the berm 
resumes to 30 ppt more rapidly than the landward surface water salinity following a 
rainfall event. The high salinity readings during the first day of rainfall on the landward 
side of the berm may indicate that salts accumulate in the soil during dry periods. When 
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Figure 37: Precipitation, surface water salinity, and temperature in landward and 
seaward zones surrounding the berm at Crommet Creek. Precipitation data for 
Durham, New Hampshire provided by the National Climatic Data Center of the 
NOAA Satellite and Information Service (http://www.ncdc.noaa.gov/oa/ncdc.html). 
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Hydroperiod: The tidal range is greatly reduced on the landward side of the berm 
in comparison to the seaward side (Figure 38). Also, the landward area contained pools of 
standing water (-10 cm) throughout the entire recording period. The marsh was not 
flooded as much during the neap tide between September 14 and September 21 . 
During the smaller spring tide (September 22-30), the seaward side does show flooding, 
but it did not reach the landward area. Thus, the landward side of the berm is only 
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Figure 38: Tidal fluctuations landward and seaward of a berm located in the 
interior of Crommet Creek marsh (2010). Mean block elevation (n = 4; ± 1 SE): 
L1-L4 = Landward set of Blocks 1-4: S1-S4 = Seaward set of Blocks 1-4. 
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Discussion 
Based on the results from the 2010 reciprocal transplant experiment, the suite of 
interactions responsible for the different zonation patterns landward and seaward of the 
berm at Crommet Creek is more complex than expected. The initial hypothesis 
considered the role of competition to be the main negative force preventing the presence 
of Schoenoplectus maritimus on the seaward side of the berm while physical stress 
restricted the success of Spartina patens in the landward area. The hypothesis is partially 
accepted because S. patens showed greater relative growth on the seaward zone where 
anoxic stresses were not as severe or constant and pore water salinity was lower. 
However, part of the hypothesis is rejected since the relative growth rate analysis 
indicates that the distinct zoning of S. maritimus was not driven by competition. 
Additionally, the differentiation in S. maritimus abundance between zones cannot be fully 
explained by variation in pore water variables since its rate of growth was comparable on 
the seaward and landward side without competition. Instead, predation from small 
mammalian herbivores seems to be the main mechanism preventing S. maritimus from 
growing in the seaward area. 
Adaptations to Physical Stresses: 
Within the landward zone, S. patens could not withstand the standing water and 
showed little to no growth during the first two months of the experiment. There were no 
live S. patens stems in the landward pools at the end of the growing season. The growth 
of S. maritimus appeared somewhat slower on the landward side of the berm than on the 
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seaward side, but the relative growth rate showed that plant success was generally 
comparable between the two zones, with or without competition. By the end of the 
growing season, however, the percent cover of S. maritimus (regardless of competition) 
was greater in the landward zone due to seaward herbivory. 
The constraints on root oxygenation for S. patens in hypoxic conditions have been 
well studied (Burdick 1989, Pezeshki et al. 1991, Naidoo et al. 1992, Hester et al. 2001, 
Maricle et al. 2006, Maricle and Lee 2007). High marsh perennials, such as S. patens, 
have a higher aerobic respiration demand than low marsh species which are better 
adapted to anaerobic respiration (Maricle et al. 2006). In stressful conditions, where 
flooding frequency is high and soil redox levels are low, the cellular structure of S. patens 
changes in the cortex of the roots (Pezeshki et al. 1991). S. patens produces "aquatic 
roots," which are submerged roots that grow directly into the water rather than into the 
soil substrate (Koncalova 1990,-Nyman et al. 2006). The submerged roots possess high 
amounts of aerenchyma, or air spaces, which provide increased oxygen diffusion to the 
living tissues and rhizosphere (Burdick 1989). This physiological adaptation allows S. 
patens to build-up root mass and increase the soil elevation over time, which slowly 
alleviates the flooding stress improving fitness and population success (Nyman et al. 
2006). 
However, low soil oxygen availability and toxic sulfide accumulation prohibits 
effective aerenchyma formation in S. patens (Naidoo et al. 1992). Research shows that 
although S. patens can be successful in fresh environments with low redox levels (-115 
mV), the combined effect of low oxygen and salinity significantly reduces plant 
productivity by inhibiting aerobic respiration and nitrogen uptake (Howes et al. 1986, 
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Bandyopadhyay et al. 1993). Furthermore, many tidal marsh perennials, including S. 
patens, are sensitive to high sulfide concentrations which accumulate in waterlogged 
areas and inhibit the anaerobic production of ATP (Koch et al. 1990). Thus, ecologists 
have concluded that S. patens performs better with periods of drainage during the 
growing season in order to sustain respiration enzymes (Pezeshki et al. 1991, 
Bandyopadhyay et al. 1993, Maricle et al. 2006). At Crommet Creek, the landward zone 
is characterized by standing water with higher salinity, lower redox levels, and higher 
sulfide concentrations than the seaward zone and appears too stressful to maintain 
vigorous stands of S. patens. 
While S. patens does not possess traits which permit it to survive in the landward 
pools, S. maritimus appears to utilize resources effectively in areas with standing water. 
Although the physiological and morphological adaptations of S. maritimus are largely 
unstudied in the United States, S. maritimus has been studied more extensively in British 
Columbia (Jelinski et al. 2001), South America (Costa et al. 2003), and various parts of 
Western Europe (Hootsmans and Wiegman 1998, Espinar et al. 2005, Piernik 2005). 
Research shows that, like S. patens, S. maritimus develops aerenchyma in the roots 
(Kantrud 1996, Costa et al. 2003) and follows a phalanx growth strategy (Bertness and 
Ellison 1987, Clevering and Hundscheid 1998). Phalanx growth strategies are 
characterized by small spaces between clonal shoots and long-lived rhizomes which 
overwinter (Doust 1981). 
In contrast to S. patens, S. maritimus benefits from large tubers affixed to each 
ramet, or independent clonal unit. Each ramet can perform all the processes necessary for 
growth and reproduction (Charpentier and Stuefer 1999). However, studies show that the 
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ramets of S. maritimus can be specialized for particular structural or functional roles 
depending on the density of the shoots and severity of the environment (Clevering and 
Hundscheid 1998, Charpentier and Stuefer 1999). The position of the ramets dictates 
whether the tuber will produce a reproductive stem (with inflorescence), assimilate 
carbon, or store carbohydrates (Charpentier and Stuefer 1999). The acquisition of carbon 
and light as part of photosynthesis is accomplished by older, or basal, ramets whereas the 
younger, shoot-less ramets act as storage units (Clevering et al. 1995). 
The specialization of ramets allows the plant to allocate energy and resources 
based on the stress of the environment. For instance, S. maritimus responds to greater 
water depths by changing the allocation of energy and resources to stem and leaf growth 
at the expense of the roots and rhizomes (Clevering and Hundscheid 1998). In addition to 
depleting the reserves of carbohydrates stored belowground in the tubers, the submerged 
stems employ underwater photosynthesis; however, once the stems emerge from the 
water, the submerged leaves are discarded and the newly exposed leaves photosynthesize 
(Clevering et al. 1995). In most emergent species, the size of the tubers is positively 
correlated to the amount of carbohydrates reserved, which directly influences the 
maximum water depth the submerged roots can accommodate (Grace and Wetzel 1982). 
Rapid stem elongation allows the plant to quickly overcome the submerged phase 
when respiration and photosynthesis are reduced (Clevering and Hundscheid 1998). As 
seen in other aquatic plants, S. maritimus is able to replenish the carbohydrate reserves 
once the leaves emerge from underwater because oxygen is transported more readily to 
the belowground parts (Armstrong and Armstrong 1988, Clevering et al. 1995). 
Consequently, infrequently flooded stands of S. maritimus have higher belowground 
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biomass than stands which endure regular standing water (Karagatzides and Hutchinson 
1991). The belowground reserves overwinter and are critical for the production of shoots 
the following spring (Lillebo et al. 2003). 
Thus, S. maritimus may be better equipped to cope with the standing water on the 
landward side of the berm through the specialization of ramet function, storage of 
carbohydrate reserves in the tubers of each ramet, and rapid elongation of stems. 
However, more research is needed to distinguish if S. maritimus utilizes the same 
morphological and physiological traits in New England tidal marshes as seen in other 
parts of the world. Furthermore, more research is required to determine how S. maritimus 
tolerates the high salinity levels and sulfide concentrations characteristic of pooled areas 
in tidal marshes. 
Competition Effects: 
The results show no significant competition effect on the relative growth rate or 
percent cover of either of the two species. However, the effect of interspecific 
competition on the relative growth rate may have been precluded by the short duration of 
the experiment (May-September 2010), and the lack of competition effect on percent 
cover may have been confounded by the unanticipated herbivory which started in July. 
When the species were analyzed separately using the maximum stem height results, there 
was a significant competition effect within the S. patens plots (and a marginal effect for 
S. maritimus). The trends suggest that, rather than deter growth, the competition with 
neighbors promoted taller stems. This phenomenon was most apparent within the S. 
patens plots on the seaward side of the berm. 
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The competition effect on stem height may be a result of light limitation. New 
England salt marshes are nutrient- and light-limited systems (Valiela and Teal 1974). 
When nutrients are limited, competition is concentrated belowground, but when nutrients 
are not limiting, plants compete aboveground for light (Emery et al. 2001). Thus, the 
impact of light competition may have been more influential in the seaward zone where 
the physiological stress was lower and, as a result, nutrients were more readily available. 
Because of the anoxic stress from the standing water, the landward zone has greater bare 
cover (see Figure 30), and therefore, less competition for light. These findings conform 
with the resource-ratio hypothesis which predicts that competition shifts from 
belowground to aboveground across an increasing productivity gradient (Tilman 1982, 
1988). 
If the plots with competition showed taller stems as a result of light limitation, 
this response is known as the etiolation effect (Ekstam 1995, Gaucherand et al. 2006). 
Although the etiolation effect was not significant within the S. maritimus plots, the 
general trend suggests that S. maritimus also responds with greater stem height when 
light is limiting. In a reciprocal transplant experiment conducted in Brazil, a similar 
interaction was seen for S. maritimus where the maximum tiller height was significantly 
higher where neighbors were present (Costa et al. 2003). Likewise, another study showed 
that S. maritimus shoots become etiolated when exposed to darker gradations of light 
(Clevering et al. 1995). Thus, the response shown by S. patens and S. maritimus to 
produce taller stems with increased competition is most likely a result of the etiolation 
effect as seen in previous research. 
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Herbivore Pressure: 
Although the S. maritimus growth rate was comparable between the landward and 
seaward zones during the first two months of the season, the selective herbivory on the S. 
maritimus stems in the seaward zone resulted in a significant decrease in cover. There 
was no indication that S. patens was being consumed by herbivores. Additionally, there 
were no signs of herbivory landward of the berm where flooding was more constant and 
salinity levels were higher. 
The herbivorous predator which confounded the reciprocal transplant experiment 
at Crommet Creek was most likely the meadow vole, Microtus pennsylvanicus (Ord). The 
geographic distribution of the meadow vole extends from eastern Canada through the 
northeastern United States (Bloch and Rose 2005). Meadow voles can live in salt marshes 
by clipping the stems of salt marsh perennials to obtain freshwater and nutrition (Getz 
1966, Howell 1984). The salt tolerance level of meadow voles is estimated at 15 ppt 
(Howell 1984), but laboratory findings suggest that these voles are relatively ineffective 
in regulating water loss under saline conditions (Getz 1966). Thus, to maintain sufficient 
hydration the meadow voles extract water from the stems of vegetation in the marsh 
(Getz 1966, Howell 1984). The presence of meadow voles in a marsh is easily 
determined by the presence of clipped stems left behind after feeding and signs of "runs" 
where the peat is compacted and the dense vegetation is separated (Howell 1984, Crain 
2008). 
Studies have been conducted in New England tidal marshes which emphasize the 
role of the meadow voles in bottom-up and top-down regulation of plant community 
structure. In bottom-up regulation, nutrient levels are positively correlated with primary 
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productivity, which in turn, dictates the availability and quality of food for higher trophic 
levels (Valiela et al. 2004). Conversely, experimentation with small mammal herbivory 
along physical stress gradients demonstrated that with decreasing environmental stress 
the role of top-down regulation increases (Crain 2008). In sum, as nutrients were added 
or physical stress was removed, the plant communities were no longer limited by 
resources. Instead, predation became the main mechanism controlling macrophyte 
population sizes. 
Results from a study provided by Crain (2008) indicate that small mammal 
herbivory pressure is constant across the estuarine stress gradient. These findings suggest 
that tidal systems follow a prey stress model (PSM), where the prey are 
disproportionately impacted by salinity and sulfide stress in comparison to the herbivores 
(refer to Figure 28). The PSM predicts that consumer pressure remains constant but has a 
greater impact on the prey with increasing environmental stress (Menge and Olson 1990). 
However, the experiment conducted by Crain (2008) did not include an environment with 
enough stress intensity to impact the herbivores being tested. In other words, the scale of 
the stress gradient did not extend far enough to show variation in consumer pressure. 
At Crommet Creek, pools seem to produce extremely harsh environmental 
conditions which limit meadow vole herbivory since herbivory was only present on the 
seaward side of the berm. The pools of standing water on the landward side of the berm 
would have made it difficult for the meadow vole to access the submerged stems. 
Differences in marsh substrate have been known to restrict predators from stressful 
conditions in other habitats (Bertness et al. 2009). In addition to standing water, the 
landward zone contained significantly higher sulfide and salinity concentrations during 
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neap tides (Figure 36), which could have added greater dehydration stress to the small 
mammals (Getz 1966). 
If pools represent an extremely stressful environment for small, terrestrial 
mammals, such as the meadow vole, the distribution of the plants in the landward and 
seaward zones at Crommet Creek may be partially explained by the consumer stress 
model, or CSM. The CSM predicts that consumer pressure is not constant across the 
physical gradient, and instead, decreases with increasing stress intensity (Menge and 
Olson 1990). In the bermed marsh scenario, the standing water landward of the berm may 
have resulted in a harsh environment which prevented herbivory creating a refuge for S. 
maritimus (Rosenzweig and MacArthur 1963). However, further research is needed to 
confirm this theory. A caged experiment would help evaluate the role of meadow voles in 
regulating plant community composition and abundance in New England tidal marshes 
with and without pools. 
Summary 
In the case of the Crommet Creek study, the plant community within the landward 
zone appears to be determined by bottom-up regulation while the relative importance of 
top-down regulation appears greater within the seaward zone. On the landward side, the 
standing water from poor drainage coupled with infrequent tidal flushing produced high 
saline and sulfide stress, which inhibited the growth of S. patens with or without 
neighbors. In contrast, the seaward plant community is not only regulated by physical 
gradients and competition, but also by herbivory from small mammals. The role of top-
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down regulation in altering the plant community composition appears greater in the more 
physically benign seaward zone, where the anaerobic stress is reduced due to regular soil 
drainage. Thus, S. maritimus is prevented from growing in the seaward zone by 
herbivory, but the flooded pools of the landward side offer it a defense against predation. 
Hence, S. maritimus is only found in the pools located on the landward side of the berm. 
In conclusion, the berm has impacted the biological interactions in the marsh 
within and across trophic levels. The berm appears to restrict tidal flooding and impede 
drainage of standing water, and the combination results in the formation of persistent 
pools in the landward marsh area. The pools are too stressful for high marsh perennials 
which require regularly drained soils, like S. patens. These findings are consistent with 
results from the descriptive study (Chapter 3) which showed greater bare sediment (i.e., 
standing water) and decreased vegetation cover landward of the berm. Additionally, 
because the pools prevent small mammals from reaching emergent plant stems, a prey 




COULD BERMS THREATEN THE ECOLOGICAL 
INTEGRITY OF TIDAL MARSH SYSTEMS? A GIS-BASED 
APPROACH 
Introduction 
Based on the findings from the descriptive study (Chapter 3) and experimental 
study (Chapter 4), berms, defined as historic earthen barriers, represent one type of tidal 
restriction prevalent in northern New England. The berms appear to limit flooding on the 
landward side of the marsh altering the physical conditions and changing the biological 
structure of the landward marsh community. Since berms can significantly impact the 
biogeochemistry of the marsh, the following study assesses the potential for berms 
located in the Great Bay Estuary to degrade marsh function reducing the integrity of the 
estuarine system. 
Two major landscape-scale concerns surrounding the stability of human-modified 
tidal marshes include the spread of invasive plant species (Burdick et al. 2001, 
Buchsbaum et al. 2006) and sea level rise (Thorn 1992, Morris et al. 2002, Callaway et al. 
2007). In particular, the non-native variety of the Phragmites australis (Cav.) Trin. ex 
Steudel (common reed) continues to challenge environmental managers along the 
Atlantic coast due to its aggressive growth pattern and expansion in tidal marshes 
(Silliman and Bertness 2004, King et al. 2007). Coastal planners also struggle with the 
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management issues posed by predicted sea level rise associated with global warming. Sea 
level rise threatens to submerge tidal marshes destroying an essential part of the estuarine 
system and eliminating key ecosystem services (Craft et al. 2009). 
Invasive threat of the non-native variety of Phragmites australis (common reed): 
By comparing the geographic origin of 27 different DNA sequence combinations, 
or haplotypes, Saltonstall (2002) determined that the rapid expansion of Phragmites 
australis (hereafter referred to as Phragmites) over the last century has been due to the 
invasion of a Eurasian haplotype. Since its introduction in the early part of the 19th 
century, the non-native haplotype has out-competed several native New England strains 
(Saltonstall 2002). The expansion of the invasive haplotype was likely facilitated by the 
development of railways, roads, and other infrastructure during the Industrial Revolution 
(Saltonstall 2002). Further colonization of Phragmites in coastal marshes correlated with 
shoreline development in the latter half of the 20th century (Bertness et al. 2002, King et 
al. 2007). 
The introduced haplotype of Phragmites grows in dense monocultures in the tidal 
marshes of North America, significantly reducing the diversity of plant, fish, insect, and 
avian communities (Chambers et al. 1999, Chambers et al. 2003, Silliman and Bertness 
2004). By altering the structural components of the marsh system, Phragmites also 
changes ecosystem functions (Burdick and Konisky 2003). Some of the changes help 
reinforce ecosystem stability, including enhanced erosion and flood control (Haslam 
1971, Warren et al. 2002) and increased sediment binding and vertical accretion (Rooth 
et al. 2003). However, many functional changes caused by Phragmites reduce the 
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diversity and overall integrity of the marsh. For example, the large growth form and rapid 
expansion of Phragmites results in increased standing biomass, but also decreases the 
cycling rate of nutrients (Warren et al. 2001). Also, the dense rhizomatous networks 
associated with Phragmites are comprised of large roots, which can increase the elevation 
of the soil and reduce tidal flooding (Windham and Lathrop 1999). The increased 
elevation can lead to oxidation of the soil and increased decomposition resulting in the 
loss of stored carbon (Bart and Hartman 2000). Because of the extent and magnitude of 
the elevation change produced by the roots of Phragmites, sulfide accumulation 
decreases (Bart and Hartman 2003). Research also shows that the increased relative 
surface elevation diminishes the recruitment of juvenile fish (Roman et al. 2002). Lastly, 
the dense canopy associated with non-native Phragmites increases competition for light 
and significantly alters the plant diversity of the marsh (Burdick and Konisky 2003). The 
dense stands also make it difficult for migrating waterfowl and other avian species to rest 
or forage (Benoit and Askins 1999). 
Thus, the invasive variety of Phragmites can greatly modify the structure and 
function of tidal marsh systems. While laboring over the deleterious impacts of the 
invasive haplotype, plant biologists have made some headway regarding the species' 
salinity, sulfide, and flooding tolerance ranges. According to a study produced by 
Chambers and others (2003), Phragmites can survive within a salinity range of 0-35 ppt 
as a small plant and its tolerance expands as the plant develops. Because the roots of 
Phragmites can extend > 60 cm into the soil (Lissner and Schierup 1997), it is possible 
that the roots access deeper water where the salinity is lower (Burdick et al. 2001). 
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In addition to salinity, laboratory and field experiments show that Phragmites is 
also sensitive to sulfide concentration (Chambers et al. 1998, Bart and Hartman 2000). 
Sulfide, a phytotoxin that accumulates in the waterlogged soils of tidal marshes, 
suppresses the enzyme necessary for the anaerobic production of ATP (alcohol 
dehydrogenase; Koch et al. 1990, Furtig et al. 1996). Based on data collected in the 
greenhouse and in the field, Phragmites showed stunted growth, blackened root tips, and 
bud death in sulfide concentrations > 1 mM (Armstrong et al. 1996, Bart and Hartman 
2000). Similarly, Seliskar et al. (2004) found that Phragmites showed significantly 
decreased overall plant biomass, number of lateral shoots, and shoot length under 
prolonged exposure to sulfide concentrations greater than 1.2 mM. Phragmites seedlings 
were more sensitive, and, in comparison to seedlings with no sulfide stress, seedlings 
treated with sulfide concentrations ranging between 0.4 - 1.0 mM showed lower plant 
growth measurements (Seliskar et al. 2004). 
Furthermore, Phragmites seeds and rhizome fragments cannot grow in flooded 
conditions (Mauchamp et al. 2001, Chambers et al. 2003). Therefore, in order for 
Phragmites to colonize a marsh, the seed or rhizome must initiate growth during a 
drawdown of the water table or in an elevated, well-drained area of the marsh. However, 
once well-established, older Phragmites plants (> 40 days) can survive inundation for at 
least one month (Mauchamp et al. 2001). 
Although Phragmites is somewhat limited in tolerance to salinity, sulfide, and 
anoxia, the rhizomatous structure of the roots and vegetative reproduction provides clonal 
integration, or translocation, of resources (Amsberry et al. 2000, Bart and Hartman 2000). 
With clonal integration, Phragmites can become established at the upland edge where the 
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conditions are less stressful (e.g., the soils are better oxidized), and then the rhizomes, or 
runners, extend into the more stressful areas of the marsh. Meanwhile, the resources are 
passed via the rhizomes to sustain the ramets (independent clonal units) in the more 
stressful zones, as shown in Spartina patens and Distichlis spicata (Shumway 1995). 
Moreover, because Phragmites is capable of elevating the soil through sediment binding 
and large roots, which reduces flooding and sulfide concentrations, a positive feedback-
loop forms: Phragmites elevates the soil and experiences greater productivity under the 
elevated, better oxidized conditions, which increases plant success and expansion (Howes 
et al. 1986, Bart and Hartman 2000). 
As a result of clonal integration, Phragmites can withstand a wide range of 
physical stress once established in a marsh, making it a superior competitor against most 
native brackish and salt marsh species (Konisky and Burdick 2004). The deep roots, 
clonal integration, and tall growth form provide several competitive advantages over 
native species (Amsberry et al. 2000, Burdick and Konisky 2003, Windham and 
Meyerson 2003). Although, in polyhaline (-23 ppt) marshes, the competitive ability of 
Phragmites decreases against Spartina alterniflora, a native salt marsh plant dominating 
the low marsh zone (Konisky and Burdick 2004, Vasquez et al. 2006). 
The lack of physical or competitive restraints has allowed the non-native variety 
of Phragmites to invade New England marshes. Tidal marshes with human-modified 
hydrology are especially vulnerable to Phragmites, particularly in cases where the tidal 
regime is reduced resulting in decreased salinity and sulfide stress (Burdick et al. 2001, 
Bart et al. 2006). Because Phragmites prefers well-drained soils, common colonization 
points include spoil banks, upland edges, levees/creek banks, and drainage ditches (Bart 
145 
et al. 2006). Furthermore, disturbed areas where wrack (detritus distributed by the tide) 
has collected and caused dieback of the native plants are more vulnerable to invasion by 
Phragmites (Minchinton 2002). In field experiments that examined disturbance-mediated 
competition, Phragmites was more productive in disturbed treatments indicating that 
recently disturbed areas from infrastructural development and/or fill are primary locations 
for Phragmites growth (Minchinton and Bertness 2003). 
Since berms offer a well-drained site for Phragmites colonization with low 
salinity or sulfide stress (see Chapter 3), bermed tidal marshes may be especially 
vulnerable to an invasion. The berm presents favorable conditions for young plants to 
grow and get established while also providing a means to access the interior of the marsh 
as the rhizomes expand. Additionally, the accumulation of wrack bordering the berm 
provides a recently disturbed area facilitating the growth and expansion of rhizomes 
(Minchinton 2002). Given the competitive advantage of the vegetative reproduction and 
clonal integration (Amsberry et al. 2000), if Phragmites were to invade a berm, the 
surrounding plant diversity could be significantly reduced and the functional quality of 
the tidal system could be greatly impaired (Warren et al. 2001, Silliman and Bertness 
2004, Smith et al. 2009). 
Impacts of sea level rise: 
A study completed by the Intergovernmental Panel for Climate Change (IPCC) 
predicts that sea levels (in relation to the 1980-1999 average) will rise between 0.2-0.6 m 
by 2100 (Rybczyk and Cahoon 2002, Parry 2007, Cahoon and Guntenspergen 2010). 
However, further research suggests that if the ice sheets melt, eustatic sea level rise could 
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reach up to 1.4 m above the 1990 level (Rahmstorf 2007). While New England tidal 
marshes contain self-adjustment processes which have allowed historical changes in 
surface elevation of 2-3 mm/yr, the accretion rates cannot likely match the projected sea 
level rise rates of 6 mm/yr (Donnelly and Bertness 2001, Kirwan et al. 2010). Therefore, 
the rate at which sea levels are predicted to rise poses a significant threat to the stability 
of tidal marsh systems, especially those in northern New England (Moorhead and 
Brinson 1995, Craft et al. 2009, Kirwan et al. 2010). 
To exacerbate the situation, human-induced tidal restrictions (e.g., dikes, 
undersized culverts, and berms) disrupt the processes which are necessary for the marsh 
to adjust to rising sea levels (Cahoon 1994, Anisfeld et al. 1999). The critical processes 
involved in marsh surface elevation adjustment include plant productivity, sediment 
supply, decomposition rate, and landward migration (Morris et al. 2002). In many cases 
where adjustment mechanisms have been impaired, the increased inundation frequency 
and duration associated with rising water levels has resulted in substantial wetland area 
loss (Baumann et al. 1984, Cahoon 1994, Turner 2004). 
Plant productivity is one of the primary factors required in maintaining marsh 
elevation (Thorn 1992). Some tidal marshes rely more heavily on vertical accretion via 
plant growth than the accumulation of sediments from the tide (Nyman et al. 2006). The 
accumulation of organic matter through the production of roots and stems adds to the 
surface elevation over time (Morris et al. 2002). Carbon accumulation from the additional 
plant growth will occur until the rate of sea level rise reaches a critical threshold when 
flooding exceeds the tolerance level of the vegetation and the plants die (Mudd et al. 
2009, Cahoon and Guntenspergen 2010). 
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Deposition of sediments from the incoming tide is another critical component of 
vertical accretion (Muto and Steel 1997, Nuttle et al. 1997, Bozek and Burdick 2005). 
Studies show that marshes with large tidal ranges (> 3 m) have significantly higher 
sediment inputs (> 30 mg/L) than those with tidal ranges less than 2 m (Kirwan et al. 
2010). Marshes with limited deposition of sediments on the marsh surface show restricted 
vertical accretion of the tidal marsh elevation (Thom 1992). Sediment retention is an 
important part of sediment deposition, and halophytes typical of salt marshes are 
sometimes referred to as "foundation species" (Pennings and Bertness 2001) because of 
the role they play in trapping suspended inorganic minerals with stems and leaves and 
stabilizing sediments with dense root zones during flooding periods (Gleason et al. 1979, 
Erwin et al. 2006). 
Marshes with tidal restrictions and reduced vegetation cover often show limited 
sedimentation as a result of reduced tidal range and sediment stabilization (Portnoy and 
Giblin 1997, Fagherazzi et al. 2006). Also, soils impacted by tidal restrictions often 
subside as a result of increased drainage and accelerated decomposition rates (Portnoy 
1999). When aerobic decomposition of organic matter is enhanced, the carbon that is 
stored as peat in the waterlogged soils is lost to the atmosphere as carbon dioxide 
(Delaune et al. 1981, Halupa and Howes 1995). As the organic matter is lost, the marsh 
surface subsides (Portnoy 1999). The combined factors of subsidence and reduced 
sediment supply results in significantly lower marsh survival thresholds for predicted sea 
level rise (Morris et al. 2002). In other words, marshes with tidal restrictions that are 
suffering from subsidence are especially vulnerable to sea level rise because the accretion 
mechanisms are also inhibited. If the rate of sea level rise surpasses the rate of accretion 
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from organic accumulation and sedimentation, the marsh will become submerged and 
slowly erode (Morris et al. 2002, Fagherazzi et al. 2006). 
Lastly, in addition to accreting vertically, salt marshes also respond to sea level 
rise by migrating landward (Nuttle et al. 1997). The rate at which the marsh migrates 
landward is controlled by the slope of the hypsometric curve, or upland elevation 
gradient, and the rate of sea level rise (Moorhead and Brinson 1995). Where the upland 
slope is low and gradual, the marsh will slowly expand landward (Brinson et al. 1995). 
However, seawalls, causeways, and rip-rap, lining the terrestrial border to protect 
shoreline property, act as barriers to landward migration (Titus 1991, Bozek and Burdick 
2005). If the salt marsh cannot respond to sea level rise with adequate landward 
migration, the marsh may become submerged (Cahoon and Guntenspergen 2010). This 
pattern has been seen across the globe and is referred to as coastal squeeze, or the 
combined effect of the submerging seaward marsh edge while the landward edge is 
constrained from migrating inland (Titus et al. 1991, Wolters et al. 2005). 
Rationale & Hypotheses: 
Although berms act as tidal restrictions on a localized scale, they may still 
threaten the ecological integrity of the marsh system. In regards to the invasive variety of 
Phragmites australis, berms may facilitate spread by acting as a favorable colonization 
site for seeds and fragmented rhizomes where the soils are well-drained and salinity 
stress is greatly reduced (see Chapter 3). Once established, Phragmites could expand into 
the interior of the marsh reducing biodiversity and altering functional processes (Burdick 
and Konisky 2003, Silliman and Bertness 2004). Additionally, berms may inhibit the 
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response of the marsh to sea level rise. Based on the findings from Chapter 3, berms have 
site-specific effects which, in some cases, limit sedimentation and change decomposition 
rates on the landward side of the berm. Also, large berms oriented parallel to the 
incoming tide may operate as a physical obstacle impeding landward migration of the 
marsh. 
Given the two impending challenges of Phragmites spread and sea level rise and 
the potential for berms to reduce system resilience, GIS-based (Geographic Information 
Systems) analyses were generated to highlight marshes of concern within the Great Bay 
Estuary. Increased awareness of the damaged processes or threatened systems, especially 
in relation to expected disturbances, may help planners prepare measures to strengthen 
the integrity of the estuary. 
The first GIS model compared the distribution of non-native Phragmites australis 
with known berm locations in the Great Bay Estuary. The goal was to pinpoint tidal 
marshes with berms which were either already invaded by the aggressive, non-native 
plant species or in close proximity to established stands. For the first GIS model, the 
hypotheses stated: 1) bermed salt marshes are widespread within the Great Bay Estuary; 
2) some berms are already invaded by the non-native species; 3) several bermed systems 
are at increased risk of invasion due to close proximity to developed stands of 
Phragmites', and 4) the proportion of bermed marsh area invaded by Phragmites is 
significantly higher than the proportion of non-bermed marshes invaded by Phragmites. 
The second GIS model focused on tidal marshes within the Great Bay Estuary 
with berms oriented parallel to the incoming tide. Berms which are oriented parallel to 
the tide have greater potential to limit sediment supply to the landward area and inhibit 
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landward migration during sea level rise. The total landward area behind the berm was 
approximated using aerial photographs in order to estimate the amount of wetland area 
with reduced resilience against rising water levels. The hypotheses stated that 1) parallel-
oriented berms with the potential to restrict salt marsh migration and limit sedimentation 
will be present in several tidal marsh systems within the Great Bay Estuary; 2) pools will 
be present on the landward side of parallel-oriented berms suggesting a change in the 
flooding frequency and duration within the landward marsh area. 
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Methods 
While the descriptive study (Chapter 3) and field experiment (Chapter 4) focused 
on the localized physical and structural properties affected by berm formations, a GIS 
(Geographic Information System) approach offered a measure of berm impact on the 
landscape-scale. In addition to mapping the berm locations within the Great Bay Estuary, 
two GIS-based analyses were conducted concerning the effect of berms on salt marsh 
function and resiliency. The first analysis addressed the current distribution and future 
spread of the non-native variety of Phragmites australis (hereafter referred to as 
Phragmites). The second GIS study examined the possible influence of sea level rise on 
tidal marshes with berms. Both GIS assessments followed a predictive approach whereby 
future outcomes were estimated based on known environmental features (e.g., contour of 
the landscape and growth tendencies of Phragmites) and forecasted changes (e.g., sea 
level rise related to climate change). 
Berm Identification: 
In order to locate berms within the Great Bay Estuary, online aerial photography 
sites, including Virtual Earth (provided by Bing) and Google Earth, were used to identify 
irregular topography and vegetation patterns. The combination of online sites provided 
flexibility in terms of resolution, perspective, and viewing angle. Once irregularities were 
identified, the sites were visited to confirm the presence of a man-made berm. Structures 
which qualified as remnants of anthropogenic activities were narrow, earthen mounds in 
linear forms. In many cases, the linear formations were oriented parallel to the upland 
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border and located in the interior of the marsh. However, some berms were small and 
oriented perpendicular to the incoming tide. As long as the earthen mound, or series of 
mounds, was too large (> 0.5 m) or linear in shape to be created via natural processes, 
such as ice deposits or tidal levees, the structure was defined as an artificial earthen 
barrier and included as a berm. In addition to the orientation of the berm, pool presence 
or absence on the landward side of the berm was recorded during the field visits. 
The located berms were digitized using GIS software (ArcGIS Desktop, version 
9.3.1) on 1-FT color ortho-quadrangles from 2005. The aerial photography was produced 
for a project affiliated with the NH Department of Transportation and is now made 
available through the United States Department of Agriculture's (USDA's) Service 
Center Agencies. For the final map outlay, the outline of the Great Bay Estuary was 
provided by the 2006 New Hampshire Hydrography Dataset (Figures 39 and 40). The 
metadata associated with the created shapefile for the identified berms, aerial 
photography, and NH Hydrography Dataset is available in Appendix C. 
Distribution of Phragmites australis: 
In order to examine the distribution of Phragmites in correlation with the location 
of berms in the Great Bay Estuary, the shapefile of identified berms, described above, 
was compared with a data layer of known Phragmites stands from 2004 (Figure 40). The 
Phragmites shapefile was provided by the NH Coastal Program as part of a wetland cover 
type survey conducted in 2004. Although the NH Wetland Cover Type dataset includes 
various habitats and vegetation covers, using the query feature only the Phragmites cover 
was selected for analysis. To account for future expansion of Phragmites, a buffer of 50m 
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was added to the Phragmites data layer. The 50 m local expansion zone for Phragmites 
was based on research examining rhizome and surface runner growth rates. Previous 
research shows that rhizomes can grow 1-2 m/year (Haslam 1972, Amsberry et al. 2000, 
Burdick et al. 2001, Warren et al. 2001) and surface runners can expand at a rate of 
lOm/year (Haslam 1972). Thus, the expansion zone of 50 m considers future growth for 
the next five to fifty years. Local environmental stress and disturbance factors will govern 
the rate of expansion for each stand of Phragmites. 
Also, in order to discern which berms had already been invaded by Phragmites, a 
new shapefile was created to show where known stands and berms co-occurred. Since 
rhizome fragments and seeds from established Phragmites stands can disperse within a 
tidal river upstream to the head of tide as well as downstream (Minchinton et al. 2006), 
berms on rivers with Phragmites sites were also highlighted as especially vulnerable to 
invasion (Figure 40). 
Lastly, in order to test whether berms increased the chance of invasion by 
Phragmites, the area of invaded berms was compared with the area of non-invaded, non-
bermed marsh area using a Chi-Squared Contingency Table (a = 0.05). The total area of 
tidal marsh within the Great Bay National Estuarine Research Reserve (GBNERR) was 
determined as 498 hectares (1,231 acres). Berm marsh area was calculated as any marsh 
area located with the GBNERR within 100 m of a berm. The area of bermed tidal marsh 
invaded by Phragmites was based on the overlapping area with the 50 m Phragmites 
expansion layer (within the GBNERR limits). The metadata for all data layers used to 
create the Phragmites distribution map and Chi-Squared Analysis are available in 
Appendix C. 
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Potential Impact of Sea Level Rise: 
The landward area was calculated wherever the berm was oriented parallel to the 
creek edge, and therefore, potentially inhibited flooding and sediment supply on the 
landward side. A polygon shapefile was created tracing the area between the upland edge 
and the berm as an estimation of how much marsh area would be subject to poor 
sediment supply (Table 21). Pools were confirmed during site visits (Table 21) and 
emphasize sites where berm interference has most likely altered the landward accretion 





Based on the results from the GIS analyses regarding berm location in the Great 
Bay Estuary, eight tributaries have known berm sites (Figure 39). There are a total of 34 
berm structures in the Great Bay Estuary (Table 21). Most of the berms are located within 
the Great Bay National Estuarine Research Reserve (GBNERR). Three of the berm sites, 
those located on the Salmon Falls and Cocheco Rivers, are not located within the Reserve 
boundary. The river system with the most berm structures is the Squamscott River with 
eleven berms and a mean length of 3.9 m ± 0.7 SE. The Oyster River follows with seven 
berms (mean length = 5.7m± 1.1 SE). The Bellamy River has six berms with an average 
length of 5.9 m ± 2.3 SE, and the Winnicut River has a total of three berms with an 
average length of 8.5 m ± 3.7 SE. Crommet Creek has a substantial berm which extends 
nearly 40 m in length. The Cocheco River has two visible berms (lengths = 1.2 m and 6.0 
m). The Luberland Creek and Salmon Falls River each have one known berm (4.2 m and 




2003 GBNERR Boundary 
Identilied Berms 
? j*. 
Figure 39: Map of historic earthen barriers, or berms, in the Great Bay Estuary, NH. Berms 
identified in the summer of 2009 and 2010. Aerial photographs (2005, 1-FT) provided by 
USDA. 
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Table 21: Results from a GIS-based analysis generated to calculate the total 
length and landward area of berms in tidal marshes within the Great Bay Estuary, 
NH. Only berms oriented parallel to the creek edge were included in the 


































































































































































































































Distribution of Phragmites australis: 
The results from the GIS analysis show four berm sites already invaded by 
Phragmites based on the Phragmites distribution layer from 2004 (Figure 40). Two of the 
invaded berms are located on the Oyster River. The remaining two invaded berms are 
located on the Squamscott and Bellamy Rivers. Additionally, due to close proximity to 
known stands of Phragmites, the berms on the Salmon Falls River and the Winnicut 
River are especially vulnerable to colonization (Figure 40). 
A Chi-Squared Analysis of the GIS results examined the probability of increased 
invasion with berm presence. Based on the GIS data, roughly 5% of the non-bermed tidal 
marshes located within GBNERR are invaded with non-native Phragmites (24 ha: 451 
ha). Of the bermed marsh area within the GBNERR (47 ha), only about 6% is currently 
invaded by Phragmites (3 ha). The Chi-Squared results (Table 22) indicate that berms do 
not increase the probability of Phragmites invasion (x =0.131; 0.50 <p< 0.75). 
Table 22: Chi-Squared Contingency Table comparing the proportion of bermed 
marsh area (in hectares) currently invaded by Phragmites australis (based on 
2004 Phragmites distribution data) with the proportion of non-invaded tidal 
marsh area (in hectares) located within the Great Bay National Estuarine 
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Figure 40: Map of berms already invaded (red extent rectangles) or vulnerable to invasion 
(black extent rectangles) by Phragmites australis in the Great Bay Estuary, NH. Berms were 
identified in summer of 2009 and 2010. Phragmites australis distribution is based on data 
compiled in 2004 by the NH Coastal Program. Aerial photography (2005, 1-FT) provided by 
the USDA. 
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Potential Impact of Sea Level Rise: 
Based on the GIS delineations, the total landward marsh area was estimated at 
6.41 ha (Table 21). The average marsh area landward of the berm was 0.30 ha ± 0.08 SE. 
The total length of all the berms in the Great Bay Estuary was approximately 200 m. The 
average berm length within one fairly contiguous section (not including minimal breaks) 
was 5.9 m ± 0.9 SE. Also, during site visits, the general geomorphology and habitat 
surrounding the berm was notated. In addition to the well-studied berms on Crommet 
Creek and Cocheco River (Chapter 3), thirteen more berms with obvious pooling on the 
landward side were observed (Table 21). In fact, most parallel-oriented berms found in 




Tidal marshes in New England already face severe degradation due to numerous 
anthropogenic disturbances, including but not limited to invasion by non-native 
Phragmites australis (Burdick and Konisky 2003, Bart et al. 2006) and submergence with 
sea level rise (Kastler and Wiberg 1996, Morris et al. 2002). Similar to large-scale dikes, 
the impact of these human-induced threats will likely be magnified where berms have 
already disrupted the local biogeochemistry of the tidal marsh (Portnoy 1999, Turner 
2004, Bart et al. 2006). The two GIS-based analyses concerning the spread of the non-
native variety of Phragmites australis (hereafter referred to as Phragmites) and 
impending sea level rise highlight the tidal marshes within the Great Bay Estuary which 
might be less resilient to these disturbances due to the presence of berms. 
After surveying most of the Great Bay Estuary, over 30 berms were located, most 
of which are situated within the GBNERR (Figure 39). These historic, earthen barriers 
are scattered throughout the Estuary. Built primarily for agricultural and industrial use 
(see Chapter 1), berm construction occurred on eight major rivers including the 
Squamscott, Oyster, Bellamy, Cocheco, Salmon Falls, Winnicut Rivers, Luberland 
Creek, and Crommet Creek. Interestingly, the Lamprey River is one of the only major 
rivers within the Estuary without any known berms. 
Bermed Marshes and Phragmites australis 
Berms are especially vulnerable to invasion by the non-native haplotype of 
Phragmites since they are composed of well-drained soils with very low salinity or 
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sulfide stress (see Chapter 3), and previous work has shown that Phragmites is successful 
in colonizing elevated areas where physical stress from saline flooding is reduced (Bart 
and Hartman 2000, Mauchamp et al. 2001). The added advantage of rhizome connections 
belowground allows Phragmites to distribute resources (e.g., nutrients and oxygen) 
equally among shoots, even those in more stressful areas of the marsh (Amsberry et al. 
2000). Furthermore, live rhizomes can travel with wrack for up to 15.9 km within one 6-
hour ebb or flood tide (Minchinton 2006). With dispersal mechanisms effective across 
large distances, Phragmites has the potential to colonize all the berms within the Great 
Bay Estuary. These morphological traits make Phragmites a serious threat to marshes 
that are not-yet-invaded and a serious challenge for restoration ecologists to manage. 
The GIS analysis, which combined the data layers of Phragmites distribution with 
known berm locations, highlighted berms already invaded by Phragmites and berms most 
at risk of future invasion (Figure 40). Based on the results, there are four berms which are 
already invaded with Phragmites located on the Squamscott (1), Oyster (2), and Bellamy 
(1) Rivers. Several more berms were discovered along these three rivers, and dispersal 
studies indicate that Phragmites can spread to new locations within the same tidal system 
via seeds and fragmented rhizomes (Bart and Hartman 2003). Hence, berms located near 
established stands of Phragmites along tidal rivers present areas of special concern. In 
addition, several berms within close proximity to developed stands are most likely to be 
invaded. The berms located on the Winnicut and Salmon Falls Rivers are within 100 m 
and 500 m, respectively, of established stands of Phragmites making them extremely 
vulnerable to invasion. 
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Managing the stands of Phragmites to curtail dispersal and further spread would 
help maintain the native plant diversity of bermed tidal marshes within the Great Bay 
Estuary. Control measures include mowing prior to seed set, herbicide, and burning, but 
research shows that without consistent application of the treatment protocol each year, 
rhizomes buried underground remain viable producing new shoots the following spring 
and seeds in late summer (Marks et al. 1994, Ailstock et al. 2001). 
Studies conducted in New England show that in cases of tidal restrictions from 
dikes or undersized culverts, the most successful strategy used to reduce the size of 
Phragmites monocultures involves restoring the natural hydrology of the site (Warren et 
al. 2002, Buchsbaum et al. 2006, Raposa 2008). By restoring the pulse flooding and 
saline gradient, Phragmites becomes more stressed and is slowly replaced by a more 
heterogeneous community of native plants (Lissner and Schierup 1997, Roman et al. 
2002). Moreover, by reestablishing the diversity of the plant community, the competitive 
success of Phragmites declines and the marsh becomes more resilient against future 
Phragmites invasion (Peter and Burdick 2010). In the case of berms in the Great Bay 
Estuary, removing the berm may limit the potential growth of Phragmites by eliminating 
the advantageous, well-drained soils, reintroducing the high-stress physical gradients, and 
reviving the diversity of the plant community. However, because disturbing the marsh 
soils and destroying the dense halophytic community could make the marsh more prone 
to Phragmites invasion (Minchinton 2002), berms which are not already invaded by 
Phragmites should not be excavated. 
While controlling Phragmites spread through eradication treatments and tidal 
restoration will help prevent future colonization events on berm soils, other precautions 
164 
should also be taken. In areas where Phragmites is not already established on or near the 
berms, the construction of roads, residential homes, and other development projects 
should be avoided. Research shows that shoreline development is strongly correlated with 
the expansion of Phragmites (Silliman and Bertness 2004). Since Phragmites is well-
suited to colonize and expand in recently disturbed soils (Minchinton and Bertness 2003), 
all construction projects around tidal marshes (especially those with berms) should be 
circumvented. 
Based on the findings, three out of the four hypotheses for the first GIS model are 
accepted. First, berms are widespread throughout the Great Bay Estuary totaling over 30 
structures across eight different tributaries. Second, four of the berms are already invaded 
by the non-native haplotype of Phragmites australis. Third, several berms within the 
Squamscott, Bellamy, Oyster, Winnicut, and Salmon Falls Rivers are at high risk of 
invasion due to close proximity to established stands of Phragmites. However, at this 
time, Phragmites does not appear to invade more marshes with berms than marshes 
without berms indicating that berms do not seem to increase the probability of an 
invasion. 
Interference of berms on marsh accretion and migration during sea level rise: 
Berms that are oriented parallel to the incoming tide may jeopardize the resilience 
of the system against sea level rise by restricting the tidal range landward of the berm and 
reducing the sediment supply. The second GIS model tested the hypotheses that: 1) 
parallel-oriented berms are present in the Great Bay Estuary; 2) parallel-oriented berms 
are correlated with landward pool development. Based on the results from the GIS 
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analysis which indicate that a large portion of the berms located within the Great Bay 
Estuary are oriented parallel to the creek edge, the first hypothesis is accepted. The 
formation of pools landward of the berm at 15 of the 21 parallel-oriented sites confirms 
the second hypothesis that berms are likely disrupting the natural hydroperiod dynamics 
and surface elevation landward of the berm. 
Based on the literature regarding tidal restrictions, the development of pools is 
likely due to decreased flooding frequency, increased decomposition, and diminished 
sediment input (Portnoy and Giblin 1997, Anisfeld et al. 1999). The decreased frequency 
of the hydroperiod results in better drained soils, which increases aerobic respiration of 
decomposers and accelerates the rate of decomposition (Delaune et al. 1981). The 
increased decomposition causes subsidence of the marsh surface elevation because 
carbon once stored as peat is lost to the atmosphere (Portnoy and Giblin 1997). The lack 
of sedimentation associated with the diminished tidal flow prevents the marsh from 
accruing the minerals necessary to compensate for the subsiding elevation over time 
(Portnoy 1999). During spring tide flooding events or as a result of groundwater inputs, 
the subsided area fills with water but is unable to drain properly; consequently, the 
stressful, waterlogged conditions exclude successful plant growth (Nyman et al. 1993). 
Without the vertical accretion mechanisms of regular sediment deposition or peat 
accumulation, the pool persists. 
The development of pools behind the berm, within the landward portion of the 
marsh, may indicate that the accretion mechanisms necessary to accommodate rising sea 
levels are inhibited. The berm may obstruct the inflow of sediments by disrupting the 
tidal flow, and where pools have developed, primary production may be diminished due 
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to increased plant stress. Because these are critical components of maintaining marsh 
elevation during sea level rise, the landward marsh may become submerged over time as 
seen with many other tidally restricted systems (Cahoon 1994). Furthermore, the marsh 
must have gradual upland slopes for landward migration during sea level rise (Nuttle et 
al. 1997), and the steep slope gradient of the berm may present an obstruction to 
landward migration. 
Within the short-term (2010-2050), the reduced sediment supply and plant 
productivity remains the most disconcerting aspect of sea level rise adjustment in bermed 
marshes. Without sedimentation and peat accumulation, the landward marsh areas are 
unlikely to build-up surface elevation at a rate equal to or greater than the rate of sea level 
rise, which may cause increased pooling and decreased plant productivity (Morris et al. 
2002). However, in the long-term (2050-2100) when sea levels have risen substantially, 
the berms will most likely erode allowing the landward pools to drain. If the tidal pulse is 
reestablished with the erosion of the berm, the inflow of sediments and increased plant 
productivity will result in vertical accretion of the previously pooled marsh area. Due to 
the uncertainty of the various factors involved, especially the rate at which sea levels will 
rise, it is extremely difficult to predict how the bermed marshes will respond. 
Restoring natural accretion mechanisms in tidally restricted marshes could help 
prevent the deterioration of tidal wetlands during rapid sea level rise (Anisfeld and Benoit 
1997). For the Great Bay Estuary, the removal of parallel-oriented berms may help 
reinstate the natural hydrologic regime, and subsequently, enhance the rate of 
sedimentation and productivity in the landward marsh areas. The Great Bay Estuary tidal 
waters are bordered by approximately 580 hectares (1,433 acres) of tidal wetland. Of 
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those 580 acres, roughly 500 hectares (-1,230 acres) are located within the Great Bay 
National Estuarine Research Reserve (GBNERR) based on the 2003 property limits. 
Since approximately 6 hectares (16 acres or 1.2% of the GBNERR tidal marsh habitat) of 
tidal marshes in the Great Bay Estuary experience reduced tidal flow due to berm 
interference (Table 21), restoring the hydroperiod to these marshes may help recover 
some ecological integrity within the estuarine system. 
However, before berms are excavated from any tidal marsh, on-site studies should 
be conducted examining the specific hydrologic alterations, soil conditions, and plant 
productivity. Priority for removal should be given to berms invaded by Phragmites. 
Then, berms restricting a significant proportion of the tidal range from the largest 
landward area should be given secondary priority. For example, the berms located on the 
Squamscott River are the most complex and restrict the most marsh area, approximately 4 
hectares (9 acres), from regular tidal flooding. After completing an investigation of the 
impact of the Squamscott berms, a decision should be made regarding whether to restore 
the natural hydrology. Removal of the other berms within the Great Bay Estuary should 
only be considered after carefully weighing the costs and benefits of restoration. Each 
berm site is unique in terms of hydrologic regime, soil composition, and habitat 
communities, and should be regarded as such while planning ecosystem-scale 
restorations. 
Future research is needed to update the 2004 data layer of Phragmites distribution 
in bermed and non-bermed tidal marshes within the Great Bay Estuary. With an updated 
version of Phragmites distribution, the correlation between berm presence and 
Phragmites should be re-analyzed. In addition, further research is necessary to confirm 
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the relationship between berms and pool development. Examining the impact of berms on 
sediment supply and plant productivity in the landward section of the marsh would help 
determine whether the berm is reducing marsh processes. A more in-depth survey of all 
34 berms is required to elucidate the effect of berms on marsh function and overall 
estuarine integrity. 
Summary 
Based on the GIS analyses, berms are scattered throughout the Great Bay 
Estuary, located on eight different rivers within the tidal system. Over 30 in total, the 
berms have the potential to help spread the non-native variety of Phragmites australis 
and inhibit vertical accretion mechanisms necessary for marsh elevation adjustment 
during sea level rise. Because Phragmites spread and sea level rise represent two 
significant, and largely irreversible, disturbances which degrade coastal wetland 
communities, berms may be focal points that reduce the ecological integrity of the marsh 
system. Special attention should be given to the berms in the Great Bay Estuary in an 
effort to stabilize these potentially degraded marshes, especially those already invaded by 
Phragmites. 
Most of the hypotheses for the two GIS models were accepted. In regard to the 
Phragmites model, berms are present throughout the Great Bay Estuary. The Phragmites 
analysis (Figure 40) indicates that Phragmites Jias already invaded berms (4 sites) and 
highlights numerous berm sites which are especially vulnerable to invasion. The only 
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rejected hypothesis related to the Phragmites analyses examined whether Phragmites had 
invaded significantly more bermed marshes than non-bermed marshes. 
The second GIS model shows how many of the berms within the Great Bay 
Estuary are oriented parallel to the creek edge and, consequently, may exhibit limited 
elevation adjustment processes landward of the berm. The results from Chapter 3 suggest 
that the landward area behind parallel-oriented berms experience reduced tidal flooding, 
which can result in limited sediment supply, the development of pools, and diminished 
primary productivity. Since sediment deposition and plant productivity are crucial for 
successful marsh accretion, the resilience of bermed tidal marshes to sea level rise could 
be weakened over the short-term. However, it is difficult to predict whether the berms 
will still interfere with sea level rise and landward migration in the long-term (50-100 
years). 
Restoration priority should be given to berms already invaded by Phragmites. The 
reintroduction of the natural tidal regime could help prevent future spread of Phragmites 
and re-establish important accretion mechanisms required for marsh elevation self-
maintenance. However, each berm site should be regarded as unique. A thorough 
investigation of the structural (e.g., elevation, hydrology, soils, and vegetation) and 
functional components (e.g., sedimentation, primary productivity, and microbial 
respiration) should be conducted before restoration is pursued at a particular site to 
confirm that the berm is reducing important ecosystem services by interfering with 
natural marsh processes. 
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CHAPTER 6 
SYNTHESIS AND REVIEW 
Berms in northern New England tidal marshes 
Tidal marshes are highly productive ecosystems integral to the overall function 
and stability of estuarine systems. Through the cycling of nutrients, transfer of energy, 
and exchange of inorganic and organic materials, tidal marshes play a key role in 
connecting the terrestrial border to the marine environment. These important processes 
also help sustain the integrity of the estuary against disturbances. Because many 
biological communities (human and non-human alike) rely on the ecosystem services 
provided when estuaries are productive and resilient (Gedan et al. 2009b), maintaining 
the functional qualities of tidal marshes is critical. Historic earthen barriers, referred to as 
berms, represent one type of tidal restriction which can disrupt the physical and 
biological structure and natural functioning marshes. Once the structure is modified, 
biogeochemical processes necessary to withstand natural stresses or anthropogenic 
disturbances are weakened (Portnoy 1999). Prolonged degradation can result in the 
eventual collapse of the system and the permanent loss of important ecosystem services. 
Most berms found in New England are remnants of agricultural and industrial 
practices performed during the 1800s and 1900s. Restricting the tide to increase crop 
production or protect livestock pastureland were the two most popular reasons for berm 
construction during the early and mid-19th century (Sebold 1998). Also, brickmaking, 
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which involved the removal, drying, and transporting of clays, was prevalent in the Great 
Bay Estuary throughout the 19th century (Scales 1923). By the late 19th century, New 
England coastal communities began dredging rivers and harbors to accommodate 
increased boat traffic and depositing the spoils in nearby marshes (Weis and Butler 
2009). During the 20th century, the most common reasons for berm construction included 
railroad and road construction, and creation of waterfowl impoundments (Weis and 
Butler 2009, Ramsdell 2010). The cultural history of New England presents many 
plausible reasons for berm construction in tidal marshes. However, the ecological impact 
of these structures at the local or landscape-scale has been largely neglected in the 
scientific literature. 
The impact of berms on the physical and biological structure of tidal marshes 
The findings from the descriptive study (Chapter 3) indicate that berms, in 
parallel orientation to the creek edge, do impact the physical and biological structure of 
tidal marshes. The berm limits tidal flooding, which is critical to the function of the 
marsh system (Mitsch and Gosselink 2000), in the high marsh landward of the berm. The 
restriction to the hydroperiod on the landward side could result in altered rates of 
sedimentation (Anisfeld et al. 1999), decomposition (Delaune et al. 1981), and primary 
productivity (Roman et al. 1984) as well as changes in plant community composition. 
The presence of a berm also seems to affect the several pore water gradients, 
including salinity and sulfide concentration. Salinity and sulfide usually decline gradually 
as the elevation of the marsh surface increases to the upland edge, as seen in the reference 
marshes (see Chapter 3). However, the steep slopes of the berm drive rapid declines in 
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salinity and sulfides. The berm is also composed of soils with higher bulk density, lower 
organic matter, and lower soil moisture. The shift in salinity and sulfide stress and soil 
characteristics along the slope of the berm is reflected in significant changes to plant 
community composition and abundance such that the berm plant community has greater 
species richness and diversity than the surrounding marsh or reference area. As 
recognized in the literature, the simultaneous change in two or more gradients provides a 
heterogeneous habitat that supports a greater diversity of plant species (Rosenzweig and 
Abramsky 1993, Abrams 1995). 
Physical conditions also differed between the seaward and landward areas of the 
bermed marsh. However, these trends were somewhat site-specific, with differences in 
geomorphology leading to significantly different berm effects. Cocheco and Crommet, 
the two riverine sites, showed higher waterlogging stress on the landward side of the 
berm (likely due to the formation of pools and decreased soil oxidation). In contrast, the a 
backbarrier marsh along the Mousam River appeared to be better drained on the landward 
side, which may result in increased soil oxidation, lower pore water stress, and 
accelerated decomposition rates (Portnoy and Giblin 1997). Because there was such 
variability among the sites, when the four sites were analyzed together there was no 
significant overall trend in pore water or soil characteristics between the seaward and 
landward sides of the berm. 
Given the results from the descriptive study, berms have the potential to disrupt 
physical gradients on the local level. The change in the physical structure alters the plant 
community dynamics modifying species distribution and abundance. The change in plant 
community composition is most obvious on the berm where edge and upland species are 
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prominent. However, after completing a thorough statistical investigation the landward 
community was found to differ significantly from the reference or seaward areas due 
primarily to the development of unvegetated pools. 
The effect of berms on biological interactions 
A field experiment was driven by research questions that surfaced during the 2009 
descriptive study. The pools on the landward side of the berm seemed to cause a shift in 
the dominant species of the plant community. Seaward of the berm and in the reference 
area, Spartina patens (salt hay) was the most abundant species. In comparison, on the 
landward side of the berm, a sedge species, Schoenoplectus maritimus (alkali grass) was 
also prevalent. This trend was especially true at Crommet Creek in Durham, New 
Hampshire. Thus, Crommet Creek was chosen for a reciprocal transplant experiment to 
examine the interaction between S. patens and S. maritimus in the two bermed zones, 
landward versus seaward. 
The results were dramatic, but also complicated due to the confounding factor of 
herbivory, which was not foreseen and led to elimination of S. maritimus on the seaward 
side of the berm. S. patens showed less success in the pooled area on the landward side of 
the berm, with or without competition. The relative growth of S. maritimus did not vary 
between the two zones prior to herbivory suggesting that plant performance was 
comparable whether subject to harsh or benign soil waterlogging conditions. 
A lack of effective physiological adaptations prevents S. patens from growing in 
the landward pools where S. maritimus is found. Additionally, S. maritimus may only be 
limited to the landward zone due to herbivory rather than competitive inferiority to S. 
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patens. Herbivory (likely from meadow voles) seems to be the primary factor preventing 
the establishment of S. maritimus on the seaward side of the berm. The landward pools 
may provide a prey refuge for S. maritimus where the herbivore cannot reach the stems. 
This relationship among stress gradients, prey, and consumer is best described by the 
consumer stress model (CSM), which predicts that as the environmental stress increases, 
the herbivores effectiveness at finding and/or consuming its prey decreases (Menge and 
Olson 1990). Thus, the prey performance (S. maritimus) is greatly reduced in physically 
benign environments (i.e., the seaward zone) where the herbivore (i.e., the meadow vole) 
is present. However, where S. maritimus receives a reprieve from herbivory in the harsher 
landward zone, it is able to maintain a viable population. 
By facilitating the development of landward pools, the berm has impacted the 
biological interactions of the tidal marsh. The pools altered the biogeochemistry landward 
of the berm which initiated a rippling effect across the trophic levels. The anoxic stress of 
the pools made the landward area less productive (as shown by the increased area of 
unvegetated substrate seen in the descriptive study) but also permitted greater plant 
diversity by reducing the competitive ability of the dominant high marsh species, S. 
patens. Pool formation caused by the berm prevented the herbivore from controlling plant 
community composition in the landward zone. This effect demonstrates how human-
induced changes in an ecosystem's structure can have unimagined consequences on plant 
and animal communities. 
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Potential threats to the ecological integrity of bermed tidal marshes 
Because berms interfere with the natural hydrology of the tidal system (see 
Chapter 3), they have the potential to reduce the ecological integrity of the marsh, making 
it less resilient to anthropogenic disturbances. Bermed marshes are particularly 
vulnerable to the .spread of the non-native variety of Phragmites australis (hereafter 
referred to as Phragmites) and increasing rates in sea level rise. Berms offer well-drained 
soils which Phragmites seeds and rhizomes can more easily colonize than waterlogged 
marsh soils (Mauchamp et al. 2001, Chambers et al. 2003). Once established, Phragmites 
has an aggressive growth pattern which reduces the biological diversity and ecosystem 
function of the surrounding tidal system (Burdick and Konisky 2003, Silliman and 
Bertness 2004). Additionally, berms seem to disrupt the supply of sediments to the 
landward area of the marsh resulting in subsidence and pooling (Chapter 3). Because 
sedimentation is an important factor in vertical accretion during sea level rise (Bryant and 
Chabreck 1998, Anisfeld et al. 1999, Morris et al. 2002), the diminished rate of sediment 
deposition landward of the berm could impair the system, making it more susceptible to 
submergence and erosion as water levels increase. 
Since tidal marshes with berms may possess reduced capacity to cope with 
disturbances, GIS-based analyses were conducted on marshes with berms in the Great 
Bay Estuary to highlight sites of special concern. The first analysis compared the 
geographic location of berms in the Estuary with the distribution of known stands of the 
non-native variety of Phragmites. After overlaying the spatial data, the berms already 
invaded and in close proximity to established Phragmites stands were discovered and 
mapped. These sites include berms found on the Squamscott, Bellamy, Oyster, Salmon 
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Falls, and Winnicut Rivers. Although these sites are currently invaded or at risk, the 
results from a Chi-Squared test indicate that Phragmites distribution does not appear to 
correlate with berm presence at this time. The second analysis calculated the area of 
marsh landward of the berms in the Great Bay Estuary (only those oriented parallel to the 
creek edge) as an estimation of the amount of wetland area that may have impaired 
resilience to stresses such as sea level rise. Based on the results, approximately 6.4 
hectares of tidal marsh could be experiencing reduced tidal flooding and sediment supply 
due to berms. 
Restoration of the natural hydrology by excavating the berm may help the marsh 
regain some resilience against disturbances. However, a careful examination of the site is 
critical to ascertain whether the landward portion of the marsh is truly degraded in terms 
of sedimentation and plant productivity. Removal of berms to control the spread of 
Phragmites is not recommended unless the site is already invaded, as the excavation 
activities may facilitate spread by disturbing the soils (Bart et al. 2006). 
Conclusions: 
Berms, or historic earthen barriers, built in tidal marshes in northern New England 
have been largely neglected for many decades. These structures have the capacity to 
disrupt tidal flooding, pore water and soil gradients, plant communities, and biological 
interactions integral to the ecological integrity of the ecosystem. Because several of the 
tidal wetlands in the Great Bay Estuary may be impaired due to berms, the invasion of 
non-native Phragmites australis and sea level rise pose a serious threat to the diversity 
and sustainability of the Estuary. 
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However, more research is necessary to determine whether these barriers have a 
significant effect on the overall primary productivity or trophic interactions of the marsh. 
Any restoration efforts should include a meticulous survey of the site in order to confirm 
that the berm is significantly reducing the functional integrity of the system. Although 
this study describes likely impacts to the tidal regime, pore water, and plant community, 
berms could also be affecting nutrient cycling, sediment exchange, plant productivity, 
and microbial respiration. More research focused on functional impacts is necessary 
before final conclusions can be drawn regarding the overall effect of berms in northern 
New England. 
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Appendix A: Plant Cate2orization 
Table 23: List of plant species identified during plant surveys as part of the descriptive study 
conducted in 2009. Category codes: PH = Poly-halophytes, MH = Meso-halophytes, E = Edge 
species, U = Upland Species, and F = Freshwater species. Wetland Indicator Status (WIS) was 
provided by the USDA Plant Database (http://plants.usda.gov). Saline levels for poly-haline and 
meso-haline environments were taken from Sharpe and Baldwin (2009). Parentheses represent 
places where information was gained through personal communication with Gregg Moore and 







































































































smallspike false nettle 
bluejoint 
fringed sedge 




























































































































































































































soft stem bulrush 
black grass 
path or poverty rush 
E. red cedar 













reed canary grass 
common reed 


































































































































































































Appendix B: SIMPER Results 
(Continuedfrom Chapter 3) 
The following summary and SIMPER output tables (Tables 24-33) reflect percent 
dissimilarity among the berm plant communities. The results are directly associated with 
Table 14 from Chapter 3 where an Analysis of Similarity (ANOSIM) was generated to 
identify significant differences in plant community composition between berm zones. 
There was greater overall dissimilarity between the seaward plots and the peak 
plots than the seaward and s-slope plots indicating a somewhat gradual change in plant 
community along the change in elevation. A change in Spartina patens accounted for 
most of the dissimilarity in both cases. The seaward slope was composed of plant species 
with lower flood and salt tolerance {Solidago sempervirens and Juncus gerardii) whereas 
the seaward marsh plots had greater percentages of S. patens, Spartina alterniflora and 
Distichlis spicata, which are typically more stress tolerant (Table 24). 
The comparison between the plant communities at the seaward marsh elevation 
and peak elevation showed the greatest ANOSIM R-values (0.709; Table 14) and average 
dissimilarity (85.30; Table 25). The peak had greater dead plant material cover than the 
seaward zone and consisted of many woody shrub and tree species not typically found in 
the high marsh (e.g., Myrica gale, Toxicodendron radicans, Gaylussacia sp.f Rosa 
rugosa, Quercus rubra, and Vaccinium angustifolium; Table 25). 
Although the seaward slope and peak plots showed some similar species, the 
difference in abundance still resulted in significantly different plant communities 
(Chapter 3, Table 14). There was more dead area on the peak of the berm than on the 
seaward slope (Table 26). The peak also showed greater percent cover of woody shrub 
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species than the slope. In contrast, the seaward slope was comprised of species typical of 
the upland transition zone (e.g., S. sempervirens, S. patens, J. gerardii, Agropyron 
pungens, Festuca rubra, Distichlis spicata, and Spartina pectinata). 
The dissimilarity was greater between the seaward and 1-slope plots than between 
the seaward and s-slope plots (Tables 24 and 27). S. patens accounted for the highest 
dissimilarity percentage in both comparisons. However, the seaward slope was composed 
of more salt tolerant species, such as S. sempervirens, while the landward slope consisted 
of more T. radicans (Table 28). Hence, the plant communities on the seaward and 
landward slopes were significantly different (Chapter 3, Table 14). 
The change in composition and abundance from the peak to the landward slope 
was quite different from the change between the peak to the seaward slope (Tables 26 
and 29). Although dead plant material contributed greatly to the dissimilarity in both 
comparisons, the remaining variables differed. Between the s-slope and peak plots, S. 
sempervirens and S. patens contributed the most to the dissimilarity (combined 
dissimilarity contribution of -17%; Table 26), but differences in the amount of T. 
radicans and M. gale accounted for approximately 14% of the change in plant 
composition between the landward slope and the peak (Table 29). 
The variation in the plant community between the seaward and landward zones 
surrounding the berm was relatively low, but the ANOSIM results do indicate a 
significant change (Chapter 3, Table 14). The percent dissimilarity in plant composition 
between the seaward and landward sides of the berm is best explained by the change in 
the average abundance of S. patens (-14% contribution). However, approximately 21%) 
of dissimilarity is associated with greater cover of S. alterniflora seaward of the berm and 
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greater bare sediment (i.e., standing water) and dead plant material on the landward side. 
Also, the landward zone showed greater overall diversity with higher percent cover of 
numerous species, including J. gerardii, S. maritimus, Agrostis stolonifera, F. rubra, S. 
sempervirens, S. pectinata, T. maritimum, Toxicodendron radicans, and Atriplex patula 
(Tables 15 and 30). 
The species that accounted for the most dissimilarity between the s-slope and 
landward marsh plots was S. sempervirens (10%; Table 31). Differences in the percent 
cover of S. patens, bare sediment, and D. spicata accounted for another -24% of the 
dissimilarity between the s-slope and landward zones. Furthermore, the contrast between 
the plant communities at the landward marsh elevation and peak elevation showed high 
ANOSIM R-values (0.614; Table 14) and average dissimilarity (83.93; Table 32). Nearly 
25% of the change in plant communities between the landward zone and peak was 
associated with the presence or absence of S. patens, bare sediment, and dead plants 
(Table 32). Not surprisingly, the landward side of the berm had a higher percentage of 
bare sediment (associated with standing water) than the peak. Also, the change in plant 
community from the landward slope to the landward marsh area was largely influenced 
by the increase in S. patens (Table 33). Additionally, the amount of dead plant matter, D. 
spicata, and bare sediment was higher in the landward marsh plots while T. radicans was 
more common on the landward slope. 
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Table 24: Percent of dissimilarity between the seaward and s-slope zones along the berm 

















































































Table 25: Percent of dissimilarity between the seaward and peak plots of the berm transects 














































































































Table 26: Percent of dissimilarity between the s-slope and peak plots along the berm transects at 














































































































Table 27: Percent of dissimilarity between the seaward and 1-slope plots of the berm 
































































































Table 28: Percent of dissimilarity between the s-slope and 1-slope plots of the berm at four 
tidal marshes (overall average dissimilarity = 71.56). 
Average Abundance 
% Contribution Cumulative % 

































































































Table 29: Percent of dissimilarity between the peak and 1-slope plots of the berm at four 








































































































































Table 30: Percent of dissimilarity between the plots on the landward and seaward side of 
the berm at four tidal marshes (overall average dissimilarity = 59.31) 
Average Abundance 
% Contribution Cumulative % 


















































































Table 31: Percent of dissimilarity between the s-slope and landward plots along the berm at 
four tidal marshes (overall average dissimilarity = 69.70). 
Average Abundance 
% Contribution Cumulative % 




























































































Table 32: Percent dissimilarity between the peak and landward plots of the berms at four 









































































































































Table 33: Percent dissimilarity between the 1-slope and landward plots of the berms at four 






















































































































Appendix C: GIS Metadata 
1. Great Bay Estuary ('New Hampshire Hydrography Dataset - Shapefile Extract9): 




Originator: Complex Systems Research Center, University of New Hampshire 
Publication_Date: 200601 
Title: New Hampshire Hydrography Dataset - Shapefile Extract 
Geospatial_Data_Presentation_Form: vector digital data 
Publication information: 
Publication_Place: Durham, New Hampshire 





Originator: Complex Systems Research Center, University of New Hampshire 
PublicationJDate: 19860101 
Title: NH GRANIT Database 
Publication information: 
Publication_Place: Durham, New Hampshire 




The New Hampshire Hydrography Dataset (NHHD) is a feature-based database that 
interconnects and uniquely identifies the stream segments or reaches that make up the 
state's surface water drainage system. The NHHD, developed at 1:24,000 scale, is an 
extract from the high-resolution National Hydrography Dataset (NHD) housed at the US 
Geological Survey. 
The NHHD Shapefile Extract contains the NHDFlowline, NHDWaterbody and 
NHD Area feature classes from the original NHHD geodatabase. These shapefiles cover 
the extent of the sixteen cataloging units that intersect the State of NH, and contain reach 
codes for networked features, stream order, flow direction, names, and centerline 
representations for areal water bodies. Reaches are also defined on waterbodies and the 
approximate shorelines of the the Atlantic Ocean. However, because this data is no 
longer contained in the original geodatabase, the networking capabilities of the 
NHDFlowline has been lost. 
Purpose: 
These data may be used to construct municipal, regional or statewide base maps. 
Supplemental information: 
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Attribute definitions may be found in the file, NHHD_Geodatabase.pdf. This file was 
obtained from the USGS National Hydrography Dataset website. 
Time_Period_of_Content: 




Currentness_Reference: publication date 
Status: 
Progress: Complete 







2. Identified Berms (Polyline Shapefile): 
The Identified Berms shapefile is included in the map illustrating the location of each 
berm in the Great Bay Estuary and in the map showing the distribution of Phragmites australis in 
relation to the discovered berms (see Chapter 5). Locating the berms was also critical to 




Originator: Jordan Mora, GBNERR (NOAA-OCRM) 
Publication_Date: January 2011 
Title: IdentifiedBerms 





Berms are defined as historic earthen barriers located in the interior of tidal marshes. The 
identified berms in this shapefile were first located with online aerial photography 
provided by Google Earth and Bing (Virtual Earth). The sites were confirmed with field 
visits between May 2009 and August 2010. 
Each berm was digitized using 1-FT color aerial photos from 2005 provided by the 
USDA Service Center Agencies. 
This project was funded through a Graduate Research Fellowship granted by the National 
Estuarine Research Reserve, courtesy of NOAA's Office of Ocean and Coastal Resource 
Management. The work was completed by Jordan Mora, MS graduate student at the 





To identify berms, or historic earthen barriers, in tidal marshes within the Great Bay 





Currentness_Reference: publication date 
Progress: Complete 
Maintenance_and_Update_Frequency: None planned 
Spatial_Domain: 
BoundingjCoordinates: 




















Planar_Distance_Units: survey feet 
Geodetic_Model: 
Horizontal_Datum_Name: North American Datum of 1983 
Ellipsoid_Name: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
Denominator_of_Flattening_Ratio: 298.257222 
3. Color 1-FT Aerial Photos (2005): 





Publication Date: Fri Oct 13 14:24:07 2006 
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Title: SEE TABLE BELOW 
Geospatial_Data_Presentation_Form\ remote-sensing image 
Description: 
Abstract: 
New Hamshire Department of Transportation Imagery Project, 1.0 ft, 3200' x 3200' 






Currentness_Reference: ground condition 
Status: 
Progress: Complete 
Maintenance_and_Update_Frequency: To be determined 
Spatial_Domain: 
Bounding_Coordinates: SEE TABLE BELLOW 














Planar_Coordinate_Encoding_Method: row and column 
Coordinate Representation: 
Abscissa ^ Resolution: 1.000000 
OrdinateJResolution: 1.000000 
PlanarJDistanceJUnits: survey feet 
Geodetic_Model: 
Horizontal_Datum_Name: North American Datum of 1983 








































































































































































* Phragmites australis map only; A Berm locations map only 
4. LBarea (Polygon Shapefile): 
This shapefile was used to populate the table in Chapter 5 listing the parallel-oriented 




Originator: Jordan Mora, GBNERR (NOAA-OCRM) 
Publication_Date: January 2011 
Title: LBarea 
Geospatial_Data_Presentation_Form: vector digital data 
Other Citation Details: 
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89 Depot Rd. Greenland, NH 03840 




Wherever the berm (historic earthen barrier located in the interior of a tidal marsh) was 
oriented parallel to the creek edge, and therefore inhibited flooding on the landward side, 
the area landward of the berm (LBarea) was outlined. The polygons trace the border of 
the upland edge and the berm in an estimation of how much marsh area would be subject 
to poor sediment supply. As sea levels rise in association with climate change, the 
reduced sediment supply landward of the berm could negatively impact the capacity of 
the landward marsh to adjust to increased flooding. Thus, the increased inundation period 
for the landward marsh would cause significant plant mortality and loss of marsh 
function. 
The LBarea was digitized using a backdrop of aerial photography from 2005: 1-FT color 
orthoquadrangles provided by the USDA Service Center Agencies. 
This project was funded by a Graduate Research Fellowship granted by National 
Estuarine Research Reserve, courtesy of NOAA's Office of Ocean and Coastal Resource 
Management. The principal investigator, Jordan Mora, was a MS graduate student at the 
University of New Hampshire in the Department of Natural Resources and the 
Environment. 
Purpose: 




Calendar Rate: January 2011 
CurrentnessReference: publication date 
Status: 
Progress: Complete 




















Planar_CoordinateRncoding_Method: coordinate pair 
Coordinate Representation: 
Abscissa Resolution: 0.000000 
Ordinate Resolution: 0.000000 
PlanarRistanceRfnits: survey feet 
GeodeticRIodel: 
HorizontalRatumRame: North American Datum of 1983 
EllipsoidRame: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
Denominator_ofRlatteningRatio: 298.257222 
5. Berms within Expansion Zone: 
This shapefile was created based on the NH Coastal Wetland Cover data layer and shows 
the berms which are already invaded by Phragmites australis in the Great Bay Estuary. This 




Originator: Jordan Mora, GBNERR (NOAA-OCRM) 
Publication Rate: 2011 
Title: PhragBufferClip_IDberms2 
GeospatialRataRresentationRorm: vector digital data 
OtherRitationRetails: 





PhragBufferClip_IDberms2 contains a shapefile which highlights parts of identified 
berms in the Great Bay Estuary that are likely already infested with Phragmites australis 
(based on the 2004 NRCS data). The 50m radius is based on Philipp and Field (2005) 
information which suggests a 50m local expansion zone for Phragmites australis. 
The project was funded through a Graduate Research Fellowship granted by the National 
Estuarine Research Reserve, courtesy of NOAA's Office of Ocean and Coastal Resource 
Management. The principal investigator, Jordan Mora, was a MS graduate student at the 
University of New Hampshire in the Department of Natural Resources and the 
Environment. 
Purpose: 
The data layer is used to highlight berms in the Great Bay Estuary which are already 






Calendar Rate: January 2011 
CurrentnessReference: publication date 
Status: 
Progress: Complete 








Title: Philipp and Field 2005 
OtherRitation Retails: 
Philipp, K. R. and R. T. Field. 2005. Phragmites australis expansion in Delaware Bay 





After digitizing the location of the berms (based on 2005 1-FT aerial photos), I added the 
Phragmites australis distribution layer provided by the USDA-Natural Resource 
Conservation Service (NRCS). In order to find which of the berms were already invaded 
by Phragmites australis, I ran two geoprocess analyses. First, I buffered the Phragmites 
australis layer with a 50m local expansion zone based on research completed by Philipp 
and Field (2005). Then, I clipped the berm layer with the new Phragmites australis buffer 
layer. I indicated the berms which have already been invaded by making a map of the 
overlapping layers (see attached pdf). 












PlanarRoordinateRncodingRfethod: coordinate pair 
Coordinate Representation: 
Abscissa Resolution: 0.000000 
Ordinate Resolution: 0.000000 
PlanarRistanceRJnits: survey feet 
Geodetic RIodel: 
Horizontal Datum Name: North American Datum of 1983 
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EllipsoidRame: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
Denominator_ofRlatteningRatio: 298.257222 
6. P.a. 50m Local Expansion Zone: 
This shapefile was created based on the 2004 NH Coastal Wetland Cover data layer and 
is included in the Phragmites australis distribution map in Chapter 5. It was also used to calculate 





Originator: Jordan Mora, GBNERR (NOAA-OCRM) 
Publication Rate: January 2011 
Title: Phragmites_buffer 
GeospatialRataRresentationRorm: vector digital data 
OtherRitation Retails: 





The 50m Phragmitesbuffer was created from the NH Coastal Wetland Cover data layer 
(from 2004) using the buffering tool. 
The project was funded through a Graduate Research Fellowship granted by the National 
Estuarine Reseach Reserve, courtesy of NOAA's Office for Ocean and Coastal Research 
Management. The Fellow, Jordan Mora, was a MS graduate student at the University of 
New Hampshire in the Department of Natural Resources and the Environment. 
Purpose: 




Calendar Rate: Jan 2011 
CurrentnessReference: publication date 
Status: 
Progress: Complete 









Originator: 50m local expansion zone for Phragmites australis 
Title: Philipp and Field 2005 
OtherRitation Retails: 
Philipp, K. R. and R. T. Field. 2005. Phragmites australis expansion in Delaware Bay 





Queries were used to highlight only the cover types including the non-native variety of 
Phragmites australis. Once the Phragmites layer was created, a 50m buffer was added 















PlanarRoordinateRncodingRIethod: coordinate pair 
Coordinate Representation: 
Abscissa Resolution: 0.000000 
Ordinate Resolution: 0.000000 
PlanarRistanceRJnits: survey feet 
Geodetic RIodel: 
HorizontalRatumRame: North American Datum of 1983 
EllipsoidRame: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
Denominator_ofRlatteningRatio: 298.257222 
7. NH Coastal Wetland Cover Types: 
This data layer was used to calculate the amount of bermed and non-bermed tidal marsh 
area for the chi-squared analysis. The data were also included in the distribution map of 




Originator: NH Coastal Program 
Publication Rate: 2004 
Title: NH_Coastal_Wetland_Cover 







The data were collected in 2004 by Normandeau Associates with funding from the NH 
Coastal Program. They mapped the extent of the wetlands along the seacoast. More 
information about the dataset is available through Ted Diers (who funded the effort). 
Using queries, only the cover types including the non-native variety of Phragmites 
australis were included in the maps produced for the project on berms in New England. 
The berms project was funded by a Graduate Research Fellowship through the National 
Estuarine Research Reserve, courtesy of NOAA's Office for Ocean and Coastal Research 
Management. 
Purpose: 
Map the distribution of the non-native variety of Phragmites australis (common reed) in 




Calendar Rate: 2004 






West RoundingRoordinate: -70.952698 
East RoundingRoordinate: -70.710350 
North RoundingRoordinate: 43.225 915 





Queries were used on the NH_Coastal_Wetland_Cover to display only the cover types 
including the non-native variety of Phragmites australis (common reed). 













PlanarRoordinateRncodingRtethod: coordinate pair 
Coordinate Representation: 
Abscissa Resolution: 0.000000 
Ordinate Resolution: 0.000000 
PlanarRistanceRJnits: survey feet 
Geodetic RIodel: 
HorizontalRatumRame: North American Datum of 1983 
EllipsoidRame: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
Denominator_ofRlatteningRatio: 298.257222 
8. 2003 GBNERR Boundary 
This shapefile is used to demarcate the boundary of the Great Bay National Estuarine 
Research Reserve, based on the 2003 property limits. The layer is shown in the map illustrating 




Originator: Great Bay National Estuarine Research Reserve 
Publication Rate: 2003 
Title: boundary03 





The Great Bay National Estuarine Research Reserve (GBNERR) layer is based on the 
boundaries from 2003. The GBNERR is funded through the National Oceanic & 
Atmospheric Administration. 
Purpose: 
The GBNERR (Great Bay National Estuarine Research Reserve) boundary was created 




Calendar Rate: 2003 











9. Tidal Marshes within the GBNERR: 
By clipping the tidal marshes included in the NH Coastal Wetland Cover data layer with 
the Great Bay Estuarine Research Reserve boundary layer, the total area of tidal wetlands in the 




Originator: Jordan Mora 
Publication Rate: 2004 
Title: GBNERRmarshclip 





The land cover data were collected in 2004 by Normandeau Associates with funding 
from the NH Coastal Program (see metadata for 'NH Coastal Wetland Cover'). Using 
queries, only the cover types including the tidal marshes were included in 
'GBNERRmarshclip'.The GBNERR boundary from 2003 was used to clip the data layer 
to only show the area of tidal marshes located within the GBNERR. 
The project was funded by a Graduate Research Fellowship through the National 
Estuarine Research Reserve, courtesy of NOAA's Office for Ocean and Coastal Research 
Management. 
Purpose: 





Calendar Rate: 2004 






West RoundingRoordinate: -70.951265 
East RoundingRoordinate: -70.822485 
NorthRoundingRoordinate: 43.175305 
South RoundingRoordinate: 42.986713 
Point_andRectorRbjectRount: 380 













PlanarRoordinateRncodingRIethod: coordinate pair 
Coordinate Representation: 
Abscissa Resolution: 0.000000 
Ordinate Resolution: 0.000000 
PlanarRistanceRfnits: survey feet 
Geodetic RIodel: 
HorizontalRatumRame: North American Datum of 1983 
EllipsoidRame: Geodetic Reference System 80 
Semi-major_Axis: 6378137.000000 
DenominatorjjfRlatteningRatio: 298.257222 
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